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ABSTRACT 
T h i s t h e s i s i s c o n c e r n e d w i t h t h e usage o f m o d e l s f o r 
p r e d i c t i o n o f g r o u n d w a t e r f l o w and q u a l i t y i n a q u i f e r s . 
A c r i t i c a l r e v i e w o f c u r »"«-;• 11-. p r a c i-. i . c a l a p p l i c a t i o n s 
o f g r o u n d w a t e r m o d e l s and m o d e l l i n g t r e n d s has been u n d e r t a k e n . 
On t h e b a s i s o f t h i s s t u d y and t a k i n g i n t o a c c o u n t t h e r e c e n t 
i n c r e a s e i n t h e a v a i l a b i l i t y o f r e l a t i v e l y cheap 
m i c r o c o m p u t e r s , s e v e r a l p o t e n t i a l l i n e s o f a l t e r n a t i v e 
m o d e l l i n g t e c h n i q u e s have been e x a m i n e d . 
The u n c e r t a i n t y i n h e r e n t i n t h e c o l l e c t i o n o f any 
g r o u n d w a t e r d a t a f r o m t h e f i e l d and t h e i d e n t i f i c a t i o n o f 
b o u n d a r y c o n d i t i o n s s u g g e s t t h a t t h e commonly e m p l o y e d l a r g e 
c o m p l e x d i s t r i b u t e d - p a r a m e t e r m o d e l s a r e no more v a l u a b l e as 
p r e d i c t i v e t o o l s t h a n l e s s c o m p l e x a l t e r n a t i v e s , w h i c h have 
been l a r g e l y n e g l e c t e d . 
The r e c e n t r a p i d d e v e l o p m e n t s i n m i c r o c o m p u t e r 
t e c h n o l o g y and a v a i l a b i l i t y p r o v i d e an o p p o r t u n i t y f o r much 
w i d e r use o f g r o u n d w a t e r m o d e l s i n p l a n n i n g and management as 
w e l l as t h e more t r a d i t i o n a l s c i e n t i f i c and e n g i n e e r i n g 
a p p l i c a t i o n s . 
T h r e e p r o t o t y p e m o d e l s , u t i l i s i n g new o r n e g l e c t e d 
t e c h n i q u e s and t a k i n g a d v a n t a g e o f t h e w i d e a v a i l a b i l i t y o f 
m i c r o c o m p u t e r s , a r e p r e s e n t e d . These m o d e l s seem t o o f f e r new 
p o s s i b i l i t i e s i n m o d e l l i n g t o a b r o a d r a n g e o f t h o s e i n v o l v e d 
i n p r a c t i c a l g r o u n d w a t e r management and r e s o u r c e p l a n n i n g . 
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PART ONE 
CRITICAL PACTICAL REVIEW 
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CHAPTER ONE 
INTRODUCTION TO GROUNDWATER MODELS 
1.1 PREAMBLE 
O r i g i n a l l y , the purpose of t h i s r e s e a r c h was to 
i n v e s t i g a t e groundwater p o l l u t i o n a r i s i n g from the le a c h i n g of 
c o a l mining wastes. I n i t i a l attempts at making use of complex 
distributed-parameter numerical models such as those by Guymon 
(1970) and Amend (1975), were abandoned because the q u a l i t y of 
data a v a i l a b l e did not j u s t i f y the model complexity and 
consequent e x t e n s i v e computing resource requirements. As a 
d i r e c t r e s u l t of t h i s , a c r i t i c a l examination of modelling 
techniques and t h e i r r e s u l t s was undertaken as a r e s e a r c h 
p r o j e c t , with a view to determining p r a c t i c a l l i m i t s for t h e i r 
a p p l i c a t i o n and developing new techniques to e x p l o i t the 
c a p a b i l i t i e s of the desktop microcomputer. 
1.2 METHODS OF MODELLING 
The flow of water and the d e s c r i p t i o n of the movement 
of chemical s p e c i e s through a porous medium i n v o l v e s a very 
complex s e r i e s of p r o c e s s e s . Any attempt to model such 
phenomena must be accompanied by a c l e a r understanding of the 
governing p h y s i c s and chemistry. 
11 
A b r o a d summary o f the major a p p r o a c h e s t o 
groundwater m o d e l l i n g i s g i v e n below : 
METHODS 
I 
I 
I I 
MATHEMATICAL HYBRIDS ANALOGUE 
I I 
I I I I I 
ANALYTICAL I NUMERICAL ELECTRICAL PHYSICAL 
STA T I S T I C A L I I 
I 
I I I 
DISTRIBUTED SAND HELE 
PARAMETER TANK SHAW 
I 
I I 
FDM FEM BEM 
A n a l y t i c a l s o l u t i o n s of the e q u a t i o n s g o v e r n i n g f l u i d 
f l o w and t h e t r a n s p o r t o f c h e m i c a l s p e c i e s a r e c o n f i n e d t o a 
few i d e a l i s e d c a s e s w i t h s i m p l e boundary c o n d i t i o n s and as su c h 
a r e of r e l a t i v e l y l i m i t e d p r a c t i c a l v a l u e . Complex groundwater 
f l o w and groundwater q u a l i t y problems a r e t h e r e f o r e o f t e n 
t a c k l e d by employing a wide range of p h y s i c a l , a n alogue and 
m a t h e m a t i c a l m o d e l l i n g t e c h n i q u e s . Such models a r e l i m i t e d by 
th e f a c t s t h a t t h e p h y s i c a l and c h e m i c a l c h a r a c t e r i s t i c s of t h e 
porous medium and t r a n s p o r t e d f l u i d s a r e known i n l i t t l e d e t a i l 
and t h a t t h e p h y s i c s and c h e m i s t r y of f l o w and s o l u t e t r a n s p o r t 
a r e by no means p e r f e c t l y u n d e r s t o o d . 
Examples o f t he p r i n c i p a l model t y p e s a r e d i s c u s s e d 
i n v a r y i n g d e g r e e s of d e t a i l s u b s e q u e n t l y and t h e i r c o m p a r a t i v e 
e v a l u a t i o n i n t h e s o l u t i o n o f p r a c t i c a l problems forms t h e 
b a s i s o f t h i s s t u d y . E a c h method i s b r i e f l y d e s c r i b e d , 
LUMPED 
PARAMETER 
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examples a r e g i v e n and a co m p r e h e n s i v e r e v i e w of r e c e n t 
a p p l i c a t i o n s i s p r e s e n t e d . Some o r i g i n a l models a r e d e v e l o p e d 
and t h e i r a p p l i c a t i o n s i l l u s t r a t e d . The v a s t number o f 
i n d i v i d u a l models i n e a c h c a t e g o r y c o u l d n o t p o s s i b l y be f u l l y 
d i s c u s s e d b u t t h e main f e a t u r e s of t h e d i f f e r e n t a p p roaches t o 
m o d e l l i n g a r e c o n s i d e r e d and t h e i r r e l a t i v e m e r i t s c r i t i c a l l y 
e v a l u a t e d . 
1.3 APPLICATIONS OF MODELS 
When c o n s i d e r i n g w h i c h t y p e of model t o employ i n a 
groundwater s t u d y , i t i s i m p e r a t i v e t o r e a l i s e t h e a s s u m p t i o n s 
and l i m i t a t i o n s o f t h e chosen model. The v a l i d i t y of a 
p a r t i c u l a r model w i l l depend on ; 
(1 ) the e x t e n t and r e l i a b i l i t y o f d a t a a v a i l a b l e ; 
( 2 ) the a p p r o x i m a t i o n s i n t r o d u c e d by t h e s c a l e of t h e 
model; 
( 3 ) t h e r e p r e s e n t a t i o n and knowledge of boundary 
c o n d i t i o n s ; and 
(4 ) the a s s u m p t i o n s made about p h y s i c a l p r o c e s s e s . 
T h i s l a s t p o i n t i s p a r t i c u l a r l y i m p o r t a n t i n t h e r e l a t i v e l y 
p o o r l y u n d e r s t o o d a s p e c t s o f u n s a t u r a t e d f l o w and s o l u t e 
t r a n s p o r t . 
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D i f f e r e n t h y d r o i o g i c a l and h y d r o g e o l o g i c a l problems 
r e q u i r e d i f f e r e n t s o l u t i o n s ; i n d e e d t h e number of models a l m o s t 
e q u a l s t h e number o f i n v e s t i g a t i o n s . However, t h e fundamental 
p r i n c i p l e s and e q u a t i o n s from w h i c h the wide v a r i e t y o f models 
a r i s e a r e r e l a t i v e l y few; v a r y i n g a s s u m p t i o n s , d e g r e e s of 
s i m p l i f i c a t i o n , r e f i n e m e n t and s i z e a c c o u n t f o r the d i v e r s i t y 
o f a p p r o a c h e s a v a i l a b l e . To u n d e r s t a n d the a p p l i c a b i l i t y of t he 
v a r i o u s a p p r o a c h e s , i t i s n e c e s s a r y t o u n d e r s t a n d both the 
l i m i t a t i o n s o f the m o d e l l i n g t e c h n i q u e s as w e l l a s the 
b e h a v i o u r and c h a r a c t e r i s t i c s of the p a r t i c u l a r porous medium 
and m o b i l e f l u i d . 
Models can be s u b d i v i d e d on the b a s i s o f t h e i r 
o b j e c t i v e s and d a t a r e q u i r e m e n t s i n t o t h r e e c a t e g o r i e s : 
( 1 ) P r e d i c t i o n models : where s p e c i f i c p r e d i c t i o n s of 
f l o w , and/or w a t e r q u a l i t y i s r e q u i r e d and l a r g e amounts of 
f i e l d d a t a a r e a v a i l a b l e . The g e n e r a l problem i s t h e d e f i n i t i o n 
of a number of v a r i a b l e s i n both s p a c e and t i m e . The v a r i a b l e s 
may be o f a p u r e l y p h y s i c a l n a t u r e (head or p r e s s u r e or f l o w ) 
or may i n v o l v e c h e m i c a l a s p e c t s ( c o n c e n t r a t i o n or c o n c e n t r a t i o n 
g r a d i e n t ) . The s p a c e i s i n g e n e r a l 3 - d i m e n s i o n a l and the time 
s c a l e may v a r y from s e c o n d s t h r o u g h m i n u t e s , h o u r s , days and 
weeks t o y e a r s , decades or even m i l l i o n s o f y e a r s . The t e m p o r a l 
and s p a t i a l v a l u e s of t h e p h y s i c a l and c h e m i c a l v a r i a b l e s 
depend on the t e m p o r a l and s p a t i a l v a r i a t i o n o f t he p h y s i c a l 
and c h e m i c a l p r o p e r t i e s o f both the porous medium and m o b i l e 
f l u i d p h a s e s , t o g e t h e r w i t h t h e v a r i a t i o n o f s o u r c e s and 
boundary c o n d i t i o n s . T h i s t y p e o f m o d e l l i n g r e l i e s on t he 
a v a i l a b i l i t y o f e x t e n s i v e f i e l d d a t a c o l l e c t e d o v e r an e x t e n d e d 
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time p e r i o d . 
( 2 ) I n v e r s e models t where t h e c h a r a c t e r i s t i c p r o p e r t i e s 
of the porous medium a r e deduced from o b s e r v a t i o n s of s p a t i a l 
and t e m p o r a l v a r i a b l e s . Here t h e problem i s g i v e n the way i n 
w h i c h c e r t a i n v a r i a b l e s behave, deduce the l i k e l y p r o p e r t i e s of 
the porous medium and m o b i l e f l u i d . Temporal and s p a t i a l 
o b s e r v a t i o n s o f p h y s i c a l and c h e m i c a l v a r i a b l e s a r e r e q u i r e d as 
d a t a . Knowledge of s o u r c e s and boundary c o n d i t i o n s t h r o u g h time 
i s a l s o e s s e n t i a l . Such models a r e o f t e n u s e d t o g e n e r a t e d a t a 
f o r t h e more normal p r e d i c t i o n models, f o r example Em s e l l e m and 
De M a r s i l y ( 1 9 7 1 ) , Nutbrown (1976) and D a r r ( 1 9 7 9 ) . 
( 3 ) System a n a l y s i s models : where t h e model i s u s e d t o 
p r e d i c t t h e s e n s i t i v i t y o f a s y s t e m t o p r o p o s e d changes i n 
p o l i c y . Such models may be u s e d t o a i d the u n d e r s t a n d i n g o f 
i n t e r a c t i o n s between p r o c e s s e s , G i lham and F a r v o l d e n ( 1 9 7 7 ) ; t o 
i d e n t i f y and a s s i g n d a t a c o l l e c t i o n p r i o r i t i e s , Gilham and 
F a r v o l d e n ( 1 9 7 7 ) ; t o a s s i s t i n r e s o u r c e management d e c i s i o n 
making and p o l i c y making, Maddaus and Aaronson ( 1 9 7 2 ) , G o r e l i c k 
e t a l ( 1 9 7 9 ) , Mido ( 1 9 8 0 b ) ; and t o make upper and lower bound 
p r e d i c t i o n s , Aguado e t a l ( 1 9 7 7 ) . S e n s i t i v i t y a n a l y s e s may be 
c a r r i e d out by employing e i t h e r o f t h e p a r a m e t e r or component 
p e r t u r b a t i o n s t r a t e g i e s d e s c r i b e d by McCuen (1973) f o r t h e 
groundwater c o n t e x t . 
I n a l l c a s e s t h e aim i s t o r e d u c e a s y s t e m c o n s i s t i n g 
of a l a r g e number of i n t e r - r e a c t i n g v a r i a b l e s t o a manageable 
m a t h e m a t i c a l or p h y s i c a l a n a l o g u e . A c o mprehensive 3-
d i m e n s i o n a l model p r e s e n t s s e v e r a l major d i f f i c u l t i e s 
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r e c o g n i s e d by F r i n d and Verge ( 1 9 7 8 ) . F i r s t l y , the computing 
and p h y s i c a l r e s o u r c e c o s t s a r e v e r y h i g h ; s e c o n d l y , the l a b o u r 
i n v o l v e d i n l a y i n g o u t t h e model and a c q u i r i n g and p r e p a r i n g 
t h e d a t a i s v e r y c o n s i d e r a b l e ; and f i n a l l y , the s a t i s f a c t o r y 
r e p r e s e n t a t i o n o f boundary c o n d i t i o n s i s p r o b l e m a t i c a l . F o r 
t h e s e and o t h e r r e a s o n s a v a r i e t y o f s i m p l i f y i n g a s s u m p t i o n s 
a r e f r e q u e n t l y made i n m o d e l l i n g . 
Most groundwater models c o m p r i s e r e g i o n s o f l a r g e 
a r e a l e x t e n t compared t o the s a t u r a t e d t h i c k n e s s o f t h e porous 
medium and t h e 3-D problem i s s i m p l i f i e d t o 2-D by assuming 
s u b - h o r i z o n t a l f l o w and t r a n s p o r t . Where v e r t i c a l f l o w i s more 
i m p o r t a n t , f o r example i n many w a s t e d i s p o s a l models, t h e 
problem i s r e p r e s e n t e d as a 2-D s e c t i o n i n t h e v e r t i c a l p l a n e . 
Even g r e a t e r s i m p l i f i c a t i o n s t o 1-D models a r e sometimes u s e d 
i n s o l u t e t r a n s p o r t models by c o n s i d e r i n g movement a l o n g a 
p r e d e t e r m i n e d s t r e a m l i n e . The amount of d e t a i l i n w h i c h a 3-D, 
2-D, or 1-D a p p r o x i m a t i o n i s c o n s i d e r e d i s a l s o t h e s u b j e c t o f 
much v a r i a t i o n . A n a l y t i c a l models p r o v i d e c o n t i n u o u s 
r e p r e s e n t a t i o n as do some p h y s i c a l a n a l o g u e s , b ut most models 
a r e d i s c r e t i z e d t o v a r y i n g d e g r e e s i n both s p a c e and t i m e . 
The s i z e , c o m p l e x i t y and s p e e d w i t h w h i c h r e s u l t s a r e 
g e n e r a t e d f o r any model depends not o n l y on t h e purpose o f t h e 
model but a l s o on t h e magnitude o f the a l l o c a t i o n o f p h y s i c a l 
and c o m p u t a t i o n a l r e s o u r c e s t o t h e m o d e l l i n g p r o j e c t . T h i s 
r e s o u r c e a l l o c a t i o n i s i n p r a c t i c a l terms a f i n a n c i a l one and 
th e m o d e l l e r ' s t a s k i s t o p r o v i d e t h e most s u i t a b l e model 
w i t h i n t h e budget a v a i l a b l e . 
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The p r i m a r y danger when u s i n g groundwater models as 
t o o l s t o s o l v e problems i s l a c k o f t h o u g h t . When used 
i n d i s c i m i n a n t l y and t h o u g h t l e s s l y models can waste c o n s i d e r a b l e 
t i m e , e f f o r t and r e s o u r c e s . A l i t t l e t i m e spent i n p r e - p l a n n i n g 
and s e l e c t i n g t h e model a p p r o p r i a t e t o t h e problem i s repayed 
by r e l e v a n t and m e a n i n g f u l m o d e l l i n g r e s u l t s . 
1.4 SCALE OF MODELS 
Scale i n t a c k l i n g a problem i n groundwater b e h a v i o u r 
i s a v e r y i m p o r t a n t c o n s i d e r a t i o n d i s c u s s e d by Mercer and Faust 
(1980b). The m o d e l l i n g o f groundwater f l o w and t r a n s p o r t can be 
approached on a number o f d i f f e r e n t p h y s i c a l s c a l e s : 
m o l e c u l a r , m i c r o s c o p i c , mesoscopic and macroscopic. 
(1) M o l e c u l a r s c a l e : f l o w and t r a n s p o r t mechanisms are 
c o n s i d e r e d a t m o l e c u l a r l e v e l and t h e concepts o f k i n e t i c 
t h e o r y and s t a t i s t i c a l mechanics are employed. Chemical 
r e a c t i o n s are b e s t m o d e l l e d a t t h i s l e v e l . 
( 2 ) M i c r o s c o p i c s c a l e : pore space i s t r e a t e d as a f l u i d 
c ontinuum w i t h t h e porous medium f o r m i n g a r i g i d or s e m i - r i g i d 
boundary and t h e concepts o f c l a s s i c a l f l u i d mechanics are 
used. I n r a r e cases a p i p e f l o w analogue o f t h i s k i n d may be 
a p p l i e d on a macroscopic s c a l e t o r e p r e s e n t f l o w t h r o u g h 
k a r s t i c f o r m a t i o n s - see T h r a i l k i l l ( 1 9 7 4 ) . 
( 3 ) Mesoscopic s c a l e : the geometry o f f r a c t u r e networks 
i s m o d e l l e d and f l o w i s c o n s i d e r e d by a c o m b i n a t i o n o f 
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c l a s s i c a l f l u i d mechanics and s t a t i s t i c a l mechanics. T h i s l e v e l 
o f m o d e l l i n g i s r a r e b u t i s employed i n t h e s i m u l a t i o n o f 
l a b o r a t o r y e x p e r i m e n t s and some r e s e a r c h i n t o t h e p r e c i s e 
n a t u r e o f r o c k p e r m e a b i l i t y . 
(4) Macroscopic s c a l e : where most p r a c t i c a l r e g i o n a l 
groundwater f l o w models are founded and t h e r e s i s t a n c e t o f l o w 
i s r e p r e s e n t e d by an e s t i m a t e o f b u l k rock-mass p e r m e a b i l i t y . 
The d e t a i l s o f t h e f l o w and t r a n s p o r t process are "averaged" 
i n t o a few measurable f i e l d response c h a r a c t e r i s t i c s and o n l y 
an approximate r e p r e s e n t a t i o n o f be h a v i o u r i s a t t e m p t e d . 
The problem o f s c a l e i s a v i t a l one and c o n s i d e r a t i o n 
o f a n a t u r a l r o c k as a porous medium i l l u s t r a t e s i t s 
i m p o r t a n c e . A t t h e m o l e c u l a r l e v e l a s u b - u n i t w i l l c o n s i s t o f 
molecules o f w a t e r , a t r a n s p o r t e d m a t e r i a l or t h e r o c k 
s k e l e t o n . A t t h e m i c r o s c o p i c l e v e l a s u b - u n i t w i l l be e i t h e r 
p a r t o f t h e f l u i d phase o r t h e r i g i d r o c k s k e l e t o n . A t t h e 
mesoscopic l e v e l s u b - u n i t s w i l l comprise porous r o c k c o n t a i n i n g 
r e l a t i v e l y s t a t i c f l u i d o r j o i n t and f i s s u r e openings 
c o n t a i n i n g r e l a t i v e l y m o b i l e f l u i d . A t t h e macroscopic l e v e l , 
s u b - u n i t s are r e p r e s e n t e d by a porous medium w i t h a s p e c i f i c 
r e s i s t a n c e t o f l o w and d i s p e r s i v e and a b s o r p t i v e c a p a b i l i t y . 
A l l t h e models t o be d i s c u s s e d f a l l i n t o t h e 
macroscopic s c a l e c a t e g o r y and the p h y s i c a l and c h e m i c a l 
processes and e q u a t i o n s c o n s i d e r e d are those a p p r o p r i a t e t o t h e 
macroscopic s c a l e . 
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1.5 LIMITATIONS OF MODELS 
There are a number o f p o t e n t i a l areas o f e r r o r and 
misuse i n t h e a p p l i c a t i o n o f m o d e l l i n g t e c h n i q u e s t o 
groundwater problems. These are d i s c u s s e d t o v a r y i n g degrees by 
Evenson e t a l ( 1 9 7 4 ) , B a s k i ( 1 9 7 9 ) , Darr ( 1 9 7 9 ) , Mercer and 
Faust (1980a,b,c) and Faust and Mercer ( 1 9 8 0 ) . The p r i n c i p a l 
m i s t a k e s and abuses are : 
(1) Use o f t h e most complex model a v a i l a b l e (Mercer and 
F a u s t , ( 1 9 8 0 a ) ) . Even i f l i t t l e o r no data i s a v a i l a b l e a v e r y 
complex and e x t e n s i v e d i s t r i b u t e d - p a r a m e t e r model i s adopted. 
I n most cases a s i m p l e a n a l y t i c a l or lumped-parameter model 
would s u f f i c e . The aim s h o u l d be t o employ t h e s i m p l e s t model 
adequate t o t h e t a s k . 
(2) Use o f t h e l a r g e s t model a v a i l a b l e ( B a s k i ( 1 9 7 9 ) ; 
Mercer and Faust, ( 1 9 8 0 a ) ) . Large models are o f t e n used t o g i v e 
a d e t a i l e d s o l u t i o n t o a problem where t h e a v a i l a b l e data i s 
v e r y l i m i t e d . Such models are w a s t e f u l o f r e s o u r c e s s i n c e c o s t s 
f o r d i s t r i b u t e d - p a r a m e t e r models t e n d t o r i s e as t h e square o f 
t h e number o f nodes. Large models are o f t e n used t o i m p l y a 
s p u r i o u s accuracy u n s u p p o r t e d by d a t a . 
(3) Use o f models designed f o r o t h e r problems (Mercer and 
F a u s t , ( 1 9 8 0 a , c ) ) . Problems are adapted t o s u i t t h e a v a i l a b l e 
model r a t h e r t h a n t h e model t a i l o r e d t o t h e problem. A l l models 
have i m p l i c i t assumptions and l i m i t a t i o n s which s h o u l d g u i d e 
and r e s t r i c t t h e i r f i e l d s o f a p p l i c a t i o n . 
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(4) M i s u n d e r s t a n d i n g o f b a s i c p h y s i c s and c h e m i s t r y 
(Evenson e t a l ( 1 9 7 4 ) ; Mercer and Faust (1980b); Faust and 
Mercer ( 1 9 8 0 ) ) . Models based on erroneous p h y s i c a l and c h e m i c a l 
concepts are a p p l i e d . For example, f l o w models based on 
i n t e r g r a n u l a r , homogeneous porous sediments are a p p l i e d when a 
p i p e f l o w analogy i s a p p r o p r i a t e . 
(5) M i s u n d e r s t a n d i n g o f d a t a r e l i a b i l i t y (Evenson e t a l 
( 1 9 7 4 ) ; Mercer and Faust ( 1 9 8 0 a ) ) . Many o f t h e l a r g e r , more 
complex models have been designed and o p e r a t e d by s p e c i a l i s t 
m o d e l l e r s r a t h e r t h a n those who c o l l e c t and i n t e r p r e t t h e d a t a . 
As a consequence, t h e c r e d i b i l i t y and r e l i a b i l y o f d a t a may 
remain u n q u e s t i o n e d by t h e m o d e l l e r and l e a d t o b i z a r r e e r r o r s 
and p r e d i c t i o n s . 
(6) Inadequate model c a l i b r a t i o n and v a l i d a t i o n (Evenson 
e t a l ( 1 9 7 4 ) ; B a s k i ( 1 9 7 9 ) ; ) . Models may be c a l i b r a t e d on data 
a v a i l a b l e a t one t i m e and h e n c e f o r t h assumed t o be c o r r e c t and 
checks w i t h newly a q u i r e d d a t a are n o t made. There i s a l s o a 
tendency f o r models t o be v a l i d a t e d by t h e i r a b i l i t y t o 
r e g e n e r a t e t h e c a l i b r a t i o n d a ta r a t h e r t h a n s u b j e c t i n g them t o 
independent t e s t . 
(7) Inadequate data r e l i a b i l i t y (Evenson e t a l ( 1 9 7 4 ) ; 
Darr ( 1 9 7 9 ) ; Mercer and Faust ( 1 9 8 0 a , c ) ) . Boundary c o n d i t i o n s 
may be i m p r o p e r l y u n d e r s t o o d o r i n t e r p r e t e d and data e r r o r s 
i n t r o d u c e d a t t h e model c a l i b r a t i o n s t a g e . "Garbage i n / 
garbage o u t " i s a w h o l l y a p p r o p r i a t e phrase i n such 
c i r c u m s t a n c e s . A p o o r l y f o r m u l a t e d model may waste good data 
b u t no model can overcome t h e problems c r e a t e d by absent or 
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erroneous d a t a . 
(8) I n f l e x i b i l i t y . Where models are developed i n 
c o n j u n c t i o n w i t h a p a r t i c u l a r f i e l d p r o j e c t o r management 
problem, i n s u f f i c i e n t f l e x i b i l i t y i n t h e e a r l y f o r m u l a t i o n o f 
t h e model may l e a d t o d i f f i c u l t i e s a t a l a t e r d a t e . Assumptions 
and l i m i t a t i o n s may be f o r g o t t e n and e r r o r s i n t r o d u c e d as a 
r e s u l t . 
( 9) D i s c r e t i z a t i o n e r r o r s (Mercer and Faust ( 1 9 8 0 a ) ) . 
D i s c r e t i z a t i o n e r r o r s occur i n b o t h analogue and c o m p u t a t i o n a l 
models where a c o n t i n u o u s porous medium i s r e p r e s e n t e d by a 
d i s c r e t e number o f p o i n t s or nodes. These e r r o r s are apparent 
when a n a l y t i c a l s o l u t i o n s are used t o v a l i d a t e such models. 
(10) N u m e r i c a l and measurement e r r o r s (Mercer and Faust 
( 1 9 8 0 a ) ) . E r r o r s occur i n c o m p u t a t i o n a l models due t o the 
f i n i t e p r e c i s i o n o f t h e a r i t h m e t i c employed. N o r m a l l y such 
e r r o r s are s m a l l b u t t h e m o d e l l e r must be a l e r t t o s i t u a t i o n s 
where such e r r o r s become cummulative. S i m i l a r l y i n v a r i o u s 
t y p e s o f analogue models, i n s t r u m e n t p r e c i s i o n may l i m i t 
a c curacy and cummulative or s y s t e m a t i c e r r o r s may be p r e s e n t . 
1.6 TRENDS IN MODELLING 
I n t h e p a s t decade or so, t h e models used i n 
groundwater i n v e s t i g a t i o n s have been l a r g e l y n u m e r i c a l ; 
s u p e r s e d i n g e a r l i e r analogues because o f t h e i r much g r e a t e r 
f l e x i b i l i t y and development speed. V a r i o u s analogue models and 
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h y b r i d models remain i n use b u t are l a r g e l y c o n f i n e d t o 
q u a l i t a t i v e and d e m o n s t r a t i o n uses. 
Dominating t h e f i e l d o f groundwater m o d e l l i n g s i n c e 
th e mid-1960's and s t i l l m a i n t a i n i n g t h e i r i m p o r t a n c e are the 
f i n i t e d i f f e r e n c e methods (FDM); though f i n i t e element 
f o r m u l a t i o n s (FEM) have g a i n e d i n p o p u l a r i t y s i n c e t h e e a r l y -
1970's. As groundwater q u a l i t y models developed i n t h e e a r l y 
1970's, t h e method o f c h a r a c t e r i s t i c s (MOC) d e s c r i b e r by 
Gardner e t a l (1964) was w i d e l y adopted t o overcome n u m e r i c a l 
d i s p e r s i o n problems i n h e r e n t i n t h e a p p l i c a t i o n o f FDM and FEM. 
A f u r t h e r c l a s s o f n u m e r i c a l s o l u t i o n s based on t h e boundary 
i n t e g r a l e q u a t i o n s and known as boundary element methods (BEM) 
have developed i n t h e 1970's b u t have y e t t o f i n d major 
acceptance i n p r a c t i c a l groundwater m o d e l l i n g . 
P r i c k e t t (1979) r e c e n t l y r e v i e w e d t h e e x t e n t t o which 
v a r i o u s models are i n use. The breakdown o f a s u r v e y o f 68 
c u r r e n t l y a c t i v e models was as f o l l o w s : 
N u m e r i c a l A n a l y t i c a l S t a t i s t i c a l Analogue 
FDM FEM Elec Phys 
32 17 2 1 10 6 
49 2 1 16 
The t y p e o f model f i n d i n g most f a v o u r a t any p a r t i c u l a r t i m e 
depends on two f a c t o r s : the c u r r e n t l e v e l o f u n d e r s t a n d i n g o f 
the p h y s i c a l and c h e m i c a l processes and the c u r r e n t m o d e l l i n g 
t e c h n o l o g i e s a v a i l a b l e . Large d i s t r i b u t e d - p a r a m e t e r 
c o m p u t a t i o n a l models came i n t o use w i t h t h e expansion i n t h e 
a v a i l a b i l i t y and power o f l a r g e mainframe computers i n t h e mid-
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1960's. However, t h e s o p h i s t i c a t i o n o f such models has r a p i d l y -
o v e r t a k e n t h e a v a i l a b i l i t y o f d a t a and many models cannot be 
j u s t i f i e d as p r a c t i c a l p r e d i c t o r s and f i n d t h e i r main 
a p p l i c a t i o n as r e s e a r c h t o o l s . 
D u r i n g t h e l a t e 1970's and e a r l y 1980's a g r e a t d e a l 
o f a t t e n t i o n has been payed t o t h e t r e a t m e n t o f a q u i f e r 
c h a r a c t e r i s t i c s as random s t o c h a s t i c v a r i a b l e s i n d i s t r i b u t e d 
parameter models. T h i s work was l e d by Freeze (1975) and 
e x t e n s i v e a d d i t i o n s have been made by Gelhar e t a l ( 1 9 7 9 ) , 
Smith and Freeze (1979) and Smith and Schwartz ( 1 9 8 0 ) . 
The r e c e n t r a p i d r i s e o f t h e desktop microcomputer i s 
l i k e l y t o have a p r o f o u n d e f f e c t on t h e use o f models s i n c e 
i n c r e a s i n g l y complex models can be a p p l i e d i n s i t u a t i o n s where 
the use o f a mainframe computer would have been e i t h e r t o o 
c o s t l y o r t o o t i m e consuming. Mido (1980) has p o i n t e d o u t t h e 
v a l u e o f microcomputers and t h e i r a p p l i c a t i o n t o groundwater 
m o d e l l i n g forms a s i g n i f i c a n t p a r t o f t h i s t h e s i s . Many o f t h e 
o r i g i n a l models p r e s e n t e d t a k e advantage o f t h e i n t e r a c t i v e and 
g r a p h i c a l c a p a b i l i t i e s o f l o w - c o s t desktop microcomputers. The 
models are d e v i s e d f o r t h e n o n - e x p e r t computer user and employ 
r i g o r o u s e r r o r c h e c k i n g and i n p u t p r o m p t i n g r o u t i n e s . 
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CHAPTER TWO 
DATA RELIABILITY FOR GROUNDWATER MODELS 
2.1 GOVERNING EQUATIONS 
Groundwater f l o w and q u a l i t y models are based upon a 
s m a l l number o f g o v e r n i n g e q u a t i o n s w h i c h are s o l v e d by v a r i o u s 
a n a l y t i c a l and n u m e r i c a l methods. 
The g e n e r a l f o r m o f t h e e q u a t i o n f o r f l o w t h r o u g h a 
porous medium may be w r i t t e n : 
d i v C { T } . g r a d ( h ) ) + {q} = { S } . d h / d t (2.1) 
where h i s t h e head p o t e n t i a l , 
(T) i s t h e t r a n s m i s s i v i t y , 
{S} i s t h e s t o r a g e c o e f f i c i e n t , 
and {q} i s a g e n e r a l i s e d source t e r m . 
The e q u i v a l e n t form o f t h e c o n v e c t i o n - d i s p e r s i o n 
e q u a t i o n f o r water q u a l i t y models may be w r i t t e n : 
d i v C { D } . g r a d ( c ) J - d i v ( { u } . c ) + { q j = dc / d t (2.2) 
where c i s t h e c o n c e n t r a t i o n , 
{D} i s t h e d i s p e r s i o n c o e f f i c i e n t , 
and { q } i s a g e n e r a l i s e d source t e r m . 
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The v e c t o r {u} i s a v e l o c i t y t e r m g i v e n by ({T}/{n}„h).grad(h) 
and p r o v i d e s t h e c o u p l i n g between e q u a t i o n s (2.1) and ( 2 . 2 ) . 
The parameter (n) r e p r e s e n t s t h e f l o w p o r o s i t y o f t h e porous 
medium. 
I n o r d e r t o s o l v e e q u a t i o n s (2.1) and (2.2) over a 
s p a t i a l r e g i o n i t i s necessary t o know { T } , { S } , { D } and (q) over 
t h a t r e g i o n . The p r e c i s i o n w i t h which any model can p r e d i c t t h e 
dependent v a r i a b l e h and c i s c o n t r o l l e d by t h e p r e c i s i o n w i t h 
w h i c h { T ] , { S } , { D } and {q} are d e t e r m i n e d . For s t e a d y - s t a t e 
models when t h e r i g h t hand s i d e o f b o t h e q u a t i o n s i s z e r o , {S} 
i s n o t r e q u i r e d . 
2.2 ESTIMATION OF {T} AND {S} THE AQUIFER CHARACTERISTICS 
The v a l u e s o f {T} and {S} f o r a porous medium as 
p r e v i o u s l y d i s c u s s e d i n s e c t i o n 1.4 depend on s c a l e . I n some 
cases t h e p e r m e a b i l i t i e s { k } and s a t u r a t e d t h i c k n e s s e s {b} are 
measured t o e s t i m a t e {T} = { k ) . { b } . L a b o r a t o r y measurements on 
s m a l l samples are v e r y u n l i k e l y t o g i v e a r e p r e s e n t a t i v e 
e s t i m a t e o f t h e b u l k p r o p e r t y on a f i e l d s c a l e . Thus t h e o n l y 
r e l i a b l e source o f r e g i o n a l { T j and {S) v a l u e s come from l a r g e 
s c a l e f i e l d pumping t e s t s . 
The d e t a i l e d procedure f o r f i e l d pumping t e s t s are 
d i s c u s s e d by Ineson (1963) and Monkhouse ( 1 9 7 5 ) . A v a i l a b l e t e s t 
d a t a f a l l s i n t o t h r e e b r o a d c a t e g o r i e s : 
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(1) Completion t e s t s *. n o r m a l l y s h o r t d u r a t i o n t e s t s , 
o f t e n c a r r i e d o u t by d r i l l i n g c o n t r a c t o r s t o g i v e a rough i d e a 
o f t h e l i k e l y y i e l d o f a new w e l l . Only v e r y approximate 
e s t i m a t e s o f (T) can u s u a l l y be d e r i v e d from such t e s t s . {S} 
cannot u s u a l l y be e s t i m a t e d . 
(2) Step t e s t s : n o r m a l l y c a r r i e d o u t t o d e t e r m i n e t h e 
yield-drawdown c h a r a c t e r i s t i c s o f water w e l l s and i n v o l v i n g 
pumping t o p s e u d o - e q u i l i b r i u m drawdown f o r a s e r i e s o f 
i n c r e a s i n g a b s t r a c t i o n r a t e s . I t may be p o s s i b l e t o i n f e r an 
approximate {T} v a l u e from yield-drawdown c h a r a c t e r i s t i c s u s i n g 
t h e curves p r e s e n t e d by Walton ( 1 9 7 0 ) . {S} cannot n o r m a l l y be 
c a l c u l a t e d b u t must be guessed i n o r d e r t o e s t i m a t e { T } . 
(3) A q u i f e r t e s t s : c a r r i e d o u t t o determine {T} and {S} 
and i n v o l v i n g a b s t r a c t i o n a t a c o n s t a n t r a t e f o r an extended 
p e r i o d and o b s e r v a t i o n o f drawdown i n a number o f s u r r o u n d i n g 
w e l l s and b o r e h o l e s . Such t e s t s are v e r y expensive and are 
r e l a t i v e l y r a r e . They p r o v i d e t h e b e s t a v a i l a b l e e s t i m a t e s o f 
{T} and { S } . 
A n a l y s i s o f pumping t e s t d ata t o g i v e {T} and {S} i s 
a c o m p l i c a t e d p r o c e d u r e i n v o l v i n g t h e a p p l i c a t i o n o f v a r i o u s 
a n a l y t i c a l models f o r t w o - d i m e n s i o n a l r a d i a l f l o w . A 
comprehensive g u i d e t o t h e methodology i s g i v e n by Kruseman 
and DeRidder ( 1 9 7 9 ) . S u b j e c t i v e curve matching procedures are 
g e n e r a l l y used and d i f f e r e n t answers are o f t e n o b t a i n e d by 
d i f f e r e n t a n a l y s t s u s i n g t h e same d a t a . Under c e r t a i n 
c i r c u m s t a n c e s , t h e a n a l y s i s can be r e n d e r e d v e r y i m p r e c i s e 
because o f t h e p r e c i s i o n o f t h e t e s t d a t a and t h e l i m i t a t i o n s 
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o f t h e a n a l y t i c a l models. 
The p r i n c i p a l problems a r i s i n g w i t h t h e a p p l i c a t i o n 
o f a n a l y t i c a l models t o e s t i m a t e {T} and {S} from pumping t e s t s 
are : 
(1 ) S e l e c t i o n o f model : s o l u t i o n s are a v a i l a b l e f o r 
a q u i f e r s o f i n f i n i t e e x t e n t , f o r c o n f i n e d or u n c o n f i n e d 
c o n d i t i o n s , w i t h i s o t r o p i c or a n i s o t r o p i c a q u i f e r 
c h a r a c t e r i s t i c s , w i t h r e c h a r g e and b a r r i e r b o u n d a r i e s , w i t h o r 
w i t h o u t an i n f i l t r a t i o n s o u r c e , f o r f u l l y o r p a r t i a l l y 
p e n e t r a t i n g w e l l s , w i t h d e l a y e d y i e l d f rom c o n f i n e d s t o r a g e and 
many more. But t h e model r e q u i r e d can o n l y be i n f e r r e d from t h e 
t e s t d a ta and t h e hy d r o g e o l o g y o f t h e area around t h e w e l l i s 
n o t n o r m a l l y known i n s u f f i c i e n t d e t a i l f o r t h i s t o be 
p r e d e t e r m i n e d . 
( 2 ) Design o f t e s t : i n o r d e r t o d r i l l o b s e r v a t i o n w e l l s 
a t optimum l o c a t i o n s t o t h e c o r r e c t depth i t i s necessary t o 
know t h e d e t a i l e d h y d r o g e o l o g y o f t h e s i t e . But t h e t e s t must 
be designed w i t h o u t such knowledge and i s t h e r e f o r e always a 
compromise t o a n t i c i p a t e as many e v e n t u a l i t i e s as p o s s i b l e . 
( 3 ) Conduct o f t e s t : the d u r a t i o n o f t h e t e s t and 
f r e q u e n c i e s o f r e a d i n g s can n o r m a l l y be amended d u r i n g t he t e s t 
p e r i o d . The a b s t r a c t i o n r a t e i s u s u a l l y d e c i d e d on t h e b a s i s o f 
a c o m p l e t i o n t e s t or s t e p t e s t and i s a l s o l i m i t e d by t h e pump 
c a p a c i t y . Even under i d e a l c o n d i t i o n s , a c o n s t a n t pumping r a t e 
i s d i f f i c u l t t o m a i n t a i n and s l i g h t d e v i a t i o n s always o c c u r . 
Water l e v e l measurements, p a r t i c u l a r l y e a r l y i n t h e t e s t when 
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r a p i d changes o c c u r , are s u b j e c t t o e r r o r s b o t h i n t h e l e v e l 
and t i m e o f o b s e r v a t i o n . 
U n c e r t a i n t i e s i n t h e v a l u e s o f {T} and {S} o b t a i n e d 
a r i s e from a number o f sources. An a t t e m p t has been made t o 
q u a n t i f y t hese u n c e r t a i n t i e s so t h a t a r e a l i s t i c e s t i m a t e o f 
the r e l i a b i l i t y o f pumping t e s t d a t a f o r i n c o r p o r a t i o n i n 
models can be made. The sources o f u n c e r t a i n t y i n c l u d e : 
(1) R e p r e s e n t a t i v e u n c e r t a i n t y : any e s t i m a t e s o f a q u i f e r 
c h a r a c t e r i s t i c s used i n m o d e l l i n g are t a k e n t o be 
r e p r e s e n t a t i v e o f a c e r t a i n s u b - u n i t o f t h e f o r m a t i o n . Pumping 
t e s t d a t a i s n o r m a l l y so sparse t h a t s e v e r a l t e s t s on w e l l s i n 
a s m a l l area almost never t a k e p l a c e and t h e ' l o c a l ' v a r i a t i o n 
o f {T} and {S} i s n o t w e l l known. Reeves e t a l (1975) p r e s e n t 
d a t a f o r 7 s i t e s where t e s t s were c a r r i e d o u t on p a i r s o f w e l l s 
from 25 t o 100m a p a r t . R a t i o s o f {T} v a l u e s from p a i r s o f t e s t s 
v a r y from 1.2 up t o 5. {S} v a l u e s are n o t qu o t e d b u t r e -
e x a m i n a t i o n o f t h e data by Reeves ( p e r s . comm.) suggests r a t i o s 
between 1.4 and 8.5. T h i s i m p l i e s t h a t f i e l d p r o p e r t i e s are 
v e r y v a r i a b l e and even i f data a n a l y s i s were p e r f e c t , 
u n c e r t a i n t i e s amounting t o a f a c t o r o f 2 i n {T} and as much as 
4 i n {S} are t o be expec t e d . 
(2) Model s e l e c t i o n u n c e r t a i n t y : e s t i m a t e s o f a q u i f e r 
c h a r a c t e r i s t i c s are made by comparing observed data w i t h 
a n a l y t i c a l models. U n c e r t a i n t y can a r i s e i n t h e c h o i c e o f t h e 
a p p r o p r i a t e model. To d i s c o v e r t h e l i k e l y magnitude o f such 
v a r i a t i o n s a s e r i e s o f s y n t h e t i c d a t a s e t s were g e n e r a t e d t o 
p e r f e c t l y f i t 6 d i f f e r e n t a n a l y t i c a l models. Random e r r o r s were 
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i n t r o d u c e d i n t h e da t a t o a l l o w f o r water l e v e l e r r o r s o f up t o 
lOnun and t i m e e r r o r s o f 5 seconds. These e r r o r s are s i m i l a r t o 
those suggested by Monkhouse ( 1 9 7 5 ) . The a b s t r a c t i o n r a t e was 
assumed t o be s u b j e c t t o a 2% random e r r o r suggested by 
B a c k s h a l l e t a l ( 1 9 7 2 ) . E s t i m a t e s o f {T} and {S} were made by 
f i t t i n g a l l d a t a s e t s t o a l l models. Where f i t s were v e r y bad 
th e r e s u l t s were d i s c a r d e d . The r e s u l t s were as f o l l o w s • 
Set 1 2 3 4 5 6 
{T} {T} {T} {T} { T} {T} 
Set Model ( A l l v a l u e s i n m2/day) 
1 I n f i n i t e aq 111 — — 397 [596) 95 
2 V e r t l e a k - 95 190 127 143 -
3 Del y i e l d - 278 88 223 374 -
4 P a r t i a l pen 80 96 88 119 119 -
5 Rech b d r y 72 159 143 254 103 -
6 No-flow b d r y 198 — — — — 127 
Set 1 2 3 4 5 6 
{S} {S} (SJ {S} {S} {S} 
Set Model ( A l l v a l u e s s h o u l d be m u l t i p l i e d by 1E-4 ) 
1 I n f i n i t e aq 1.25 — — 1.59 ( -48) .9 
2 V e r t l e a k - .99 1.40 1.32 .87 -
3 Del y i e l d - 1.43 .70 1.07 .78 -
4 P a r t i a l pen 1.27 .69 .63 .76 .48 -
5 Rech b d r y .75 . 81 1.38 1.18 .91 -
6 No-flow b d r y 1.90 1.6 
( ) i n d i c a t e s a p o s s i b l e , b u t poor f i t . 
The d i a g o n a l v a l u e s i n t h e two t a b l e s r e p r e s e n t t h e e s t i m a t e s 
o f {T} and {S} u s i n g t h e c o r r e c t model, o f f - d i a g o n a l e s t i m a t e s 
use t h e wrong model. The t r u e s o l u t i o n s f o r {T} and {S} were 
100 and 1E-4 r e s p e c t i v e l y . 
The u n c e r t a i n t y from t h i s source can ag a i n g i v e r i s e t o a 
f a c t o r o f 5 i n {T} and as much as 4 i n { S } . 
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( 3 ) Data and s u b j e c t i v e u n c e r t a i n t y : data e r r o r s a r i s i n g 
f rom t h e p r e c i s i o n o f t e s t procedures a l s o g i v e s r i s e t o 
u n c e r t a i n t i e s i n t h e e s t i m a t i o n o f a q u i f e r c h a r a c t e r i s t i c s . The 
e r r o r s were a g a i n e s t i m a t e d by a n a l y s i s o f t h e s y n t h e t i c 
d a t a s e t s c o n s i d e r i n g o n l y t h e v a r i a t i o n between a n a l y s t s 
f i t t i n g t h e same c o r r e c t model t o t h e d a t a . 
DATASET ONE 
A n a l y s t True 1 2 3 4 5 
{T} I T } { T} {T} {T} I T } 
Set Model ( A l l v a l u e s i n m2/day) 
1 I n f i n i t e aq 100 111 119 103 135 113 
2 V e r t l e a k 100 96 95 88 95 88 
3 Del y i e l d 100 87 88 84 79 40 
4 P a r t i a l pen 100 119 95 87 103 88 
5 Rech b d r y 100 103 95 102 111 120 
6 No-flow b d r y 100 127 151 111 103 117 
A n a l y s t True 1 2 3 4 5 
IS) IS) (S) {S} (S) {S} 
Set Model ( A l l v a l u e s s h o u l d be m u l t i p l i e d by 1E-4 ) 
1 I n f i n i t e aq 1.0 1.25 1.10 1.24 1.43 1.12 
2 V e r t l e a k 1.0 .99 .89 .77 .99 1.13 
3 Del y i e l d 1.0 .70 .57 .56 .36 .57 
4 P a r t i a l pen 1.0 .76 .76 . 91 .75 .85 
5 Rech b d r y 1.0 .91 .67 .89 1.06 .58 
6 No-flow b d r y 1.0 1.63 1.55 .99 1.40 1.70 
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DATASET TWO 
A n a l y s t True 1 2 3 4 5 
{T} {T} {T} { T} {T} 
Set Model ( A l l v a l u e s i n m2/day) 
1 I n f i n i t e aq 1000 909 1273 1432 1352 1473 
2 V e r t l e a k 1000 954 875 1075 994 1020 
3 Del y i e l d 1000 936 884 723 565 398 
4 P a r t i a l pen 1000 875 795 437 517 497 
5 Rech b d r y 1000 954 954 875 1034 1220 
6 No-flow b d r y 1000 1273 1432 1193 1034 1729 
A n a l y s t True 1 2 3 4 5 
{S} {S} is) {S} (S} 
Set Model 
1 I n f i n i t e aq .10 .06 . 08 . 08 .09 .08 
2 V e r t l e a k .10 .10 .07 .09 .09 .08 
3 Del y i e l d .10 .08 .10 .14 .07 .07 
4 P a r t i a l pen .10 .12 .10 . 06 .06 .06 
5 Rech b d r y .10 .08 . 07 .10 .08 .09 
6 No-flow b d r y .10 .10 . 10 . 09 .12 .18 
These l a r g e l y s u b j e c t i v e e r r o r s can amount t o a f a c t o r o f 
f o r {T} and 3 f o r {S} . 
Taken t o g e t h e r , these u n c e r t a i n t i e s seem t o suggest 
t h a t t h e data a v a i l a b l e f o r m o d e l l i n g i s a t b e s t an approximate 
g u i d e t o r e g i o n a l f o r m a t i o n p r o p e r t i e s . 
2.3 ESTIMATION OF {D} THE DISPERSION COEFFICIENT 
I n comparison w i t h { D } , t h e parameters {T} and {S} 
are r e l a t i v e l y w e l l known on a r e g i o n a l s c a l e . Even l a b o r a t o r y 
a t t e m p t s t o measure {D} are r a r e and t h e v e r y b e s t t h a t can be 
done a t p r e s e n t i s t o make an educated guess a t a va l u e s f o r 
t h e parameter. 
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F r i e d (1975) s t a t e s t h a t d i s p e r s i o n depends upon a 
r e l a t i o n s h i p between a number of parameters : 
(1) f l u i d v i s c o s i t i e s , 
(2) f l u i d d e n s i t i e s , 
(3) g r a v i t y , 
(4) pore v e l o c i t i e s , 
(5) molecular d i f f u s i o n c o e f f i c i e n t s , and 
(6) p e r m e a b i l i t i e s . 
For water p o l l u t i o n a p p l i c a t i o n s , v i s c o s i t i e s and d e n s i t i e s 
vary r e l a t i v e l y l i t t l e and g r a v i t y can a l s o be n e g l e c t e d as a 
v a r i a b l e . For p r a c t i c a l purposes, the phenomenon of d i s p e r s i o n 
can be examined i n terms of two dimensionless parameters ; 
(1) the r a t i o of the d i s p e r s i o n c o e f f i c i e n t (D) to the 
molecular d i f f u s i o n c o e f f i c i e n t (Dm), t h a t i s R = (D/Dm), and 
(2) the P e c l e t number ( P e ) , given by (u.d/Dm), where u i s 
the pore v e l o c i t y and d i s a c h a r a c t e r i s t i c spacing of the 
porous medium often taken to be the square root of the 
i n t r i n s i c p e r m e a b i l i t y or the e f f e c t i v e g r a i n s i z e . 
The e m p i r i c a l l y determined r e l a t i o n s h i p between these 
parameters i s shown i n F i g . 2.4.2 i n F r i e d (1975) fo r 
l o n g i t u d i n a l d i s p e r s i o n , t h a t i s d i s p e r s i o n i n the d i r e c t i o n of 
the v e l o c i t y v e c t o r . R e s u l t s are p r i m a r i l y d e r i v e d from 
experiments using packed beads but a few r e s u l t s for 
unconsolidated sediments suggests a s i m i l a r r e l a t i o n s h i p . 
<2> & 
Taking i n t o account the l i n e a r log-log p l o t the f o l l o w i n g 
r e l a t i o n s h i p can be deduced : 
x 
R = R' + A.(Pe) (2.3) 
where R',A and x are constants. 
I n s p e c t i o n r e v e a l s t h a t x i s approximately u n i t y for P e c l e t 
numbers gr e a t e r than 1 and that for P e c l e t numbers l e s s than 1, 
R = R 1. Thus i n simple terms we may w r i t e : 
{D} = {R 1}.Dm ; for Pe < 1 and Pe = 1 (2.4) 
{D} = {R•}.Dm + A.{u.d} ; for Pe > 1 (2.5) 
These r e l a t i o n s h i p s are i m p l i e d for unconsolidated porous media 
by Harleman and Rumer (1963) and are quoted by F r i e d (1975). 
Analogous formulae for c o n s o l i d a t e d a q u i f e r s are suggested by 
Raimondi e t a l (1959) and L e g a t s k i and Katz (1966). K l o t z and 
Moser (1974) show an experimental i n v e r s e r e l a t i o n s h i p between 
{D} and p o r o s i t y { n } . T h i s i s i m p l i e d i n equation 2.5 s i n c e u 
i s i n v e r s e l y r e l a t e d to n (See footnote to equation 2.2). A 
s i m i l a r r e l a t i o n s h i p can be deduced for l a t e r a l d i s p e r s i o n , 
t h a t i s normal to the v e l o c i t y v e c t o r , when mechanical as w e l l 
as molecular d i s p e r s i o n i s i n v o l v e d : 
{D} = {R 1}.Dm + B.{u.d} ? for Pe > 1 (2.6) 
Values of A and B are very d i f f e r e n t , F r i e d (1975) quotes 1.4 
to 2.2 for A and 0.02 5 for B. The value of R1 i s always l e s s 
than unity and for unconsolidated granular porous media a value 
of 0.6 to 0.7 i s u s u a l . For c o n s o l i d a t e d m a t e r i a l s l i t t l e data 
i s forthcoming and s i m i l a r values are normally assumed. 
Few values of {D} appear e x p l i c i t l y i n the l i t e r a t u r e and those 
which do have been gathered by Barker and F o s t e r (1981): 
* 
{D](m2/s) Species Medium Temp Reference 
13 C l - Chalk ? Oakes e t a l (1976) 
3- C l - Sand 35 S t o e s s e l l e t a l (1975) 
3-7 C l - S o i l 25 Barraclough and Rye (1979) 
.4-3 C1-,N03- Chalk ? Mercer (pers comm) 
13) 5 
17) Tritium+ ? 15 M i l l s (1973) 
22) 25 
* A l l v a l u e s should be m u l t i p l i e d by 1E-9. 
The foregoing d i s c u s s i o n r e l a t e s to the 
est i m a t i o n of d i s p e r s i o n c o e f f i c i e n t s based e s e n t i a l l y on 
la b o r a t o r y experimental data. The same problems of s c a l e t h a t 
r e q u i r e the f i e l d determination of {T} and {S} a l s o apply to 
(D) and i t i s s t r o n g l y argued that f i e l d v a l ues are necessary 
f o r r e g i o n a l models. Very few such determinations have been 
made up to the time of w r i t i n g . The f i e l d techniques a v a i l a b l e 
were reviewed by F r i e d (1975) % 
(1) S i n g l e - w e l l pulse technique ; where an e a s i l y detected 
t r a c e r i s i n j e c t e d i n t o a screened s e c t i o n of w e l l followed by 
a period of f r e s h water i n j e c t i o n . The t r a c e r pulse i s then 
recovered by pumping. A p p l i c a t i o n of a s e m i - a n a l y t i c a l or 
numerical model i s then used to deduce {D} from the t r a c e r 
recovery p a t t e r n . A d e t a i l e d d e s c r i p t i o n of the technique i s 
given by F r i e d e t a l (1972). The va l u e s of {D} obtained 
c h a r a c t e r i s e the area around the w e l l to a r a d i u s of 2 to 4 m. 
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(2) M u l t i p l e - w e l l or s i n g l e - w e l l l a r g e s c a l e i n j e c t i o n : 
where a t r a c e r i s i n j e c t e d i n t o an a q u i f e r and spotted a t a 
s e r i e s of observation w e l l s . Large volumes are i n j e c t e d and not 
recovered. Such t e s t s are very expensive and may themselves 
cause p o l l u t i o n u n l e s s the t r a c e r i s very c a r e f u l l y s e l e c t e d . 
The t r a c e r may be allowed to move with the n a t u r a l flow 
v e l o c i t y of the a q u i f e r or s u s t a i n e d i n j e c t i o n may generate a 
l o c a l l y high head gr a d i e n t . Again s e m i - a n a l y t i c a l or numerical 
models are a p p l i e d to deduce {D} which i s r e p r e s e n t a t i v e on a 
s c a l e of 20 to 100 m. A r a r e case h i s t o r y i s presented by Oakes 
and Edworthy (1976). 
(3) I n v e r s e model techniques : cases of n a t u r a l p o l l u t i o n 
are observed and {D} deduced by an i n v e r s e modelling technique. 
Representative l a r g e s c a l e values may be obtained i n t h i s case 
but a high d e n s i t y of observation w e l l s are r e q u i r e d and such 
methods are expensive. F r i e d (1975) r e f e r s to an u n i d e n t i f i e d 
case h i s t o r y and gives some experimental r e s u l t s . 
From equations 2.5 and 2.6 i t can be seen t h a t when 
mechanical d i s p e r s i o n predominates and Dm i s small compared to 
D, we may w r i t e ; 
{D} = { L } . { u } (2.7) 
where {u} i s the flow v e l o c i t y , 
and {L} i s c a l l e d the c h a r a c t e r i s t i c mixing length. 
Values of {L} are u s u a l l y quoted from f i e l d t e s t s . {L} has 
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dimensions o f l e n g t h (L) and b o t h l o n g i t u d i n a l and l a t e r a l 
v a l u e s o f {L} may be quoted. The few n u m e r i c a l v a l u e s t h a t are 
a v a i l a b l e f o r v a r i o u s t y p e s o f t e s t and a q u i f e r i n c l u d e : 
L(m) L(m) H y d r o g e o l o g i c a l Reference 
l o n g l a t f o r m a t i o n 
12 4 A l l u v deps,Lyon F r i e d (1975) 
1.1 - A l l u v deps,Colmar F r i e d (1975) 
91 137 F r a c t u r e d b a s a l t , I d a h o Robertson e t a l (1973) 
0.6 - Bunter s a n d s t o n e , N o t t s Oakes & Edworthy (1976) 
46 14 A l l u v deps,Colorado Konikow (1976) 
61 20 Oscala 1 s t , G e o r g i a B r e d e h o e f t & Pinder (1973) 
From v a l u e s o f {D} g i v e n i n t h e t a b l e above i t appears t h a t 
m o l e c u l a r d i f f u s i o n i s o n l y i m p o r t a n t when t h e groundwater 
v e l o c i t y i s around 1E-9 m/s or l e s s . 
Very few n u m e r i c a l e s t i m a t e s o f {L} are t o be found i n t h e 
l i t e r a t u r e and t h e e x t e n t t o which any v a l u e i s r e p r e s e n t a t i v e 
i s unknown. The d a t a a n a l y s i s t o e s t i m a t e {L} i s l e s s r i g o r o u s 
t h a n t h a t used t o d e r i v e {T} and {S} and u n c e r t a i n t i e s 
i n t r o d u c e d by c h o i c e o f model and data e r r o r s w i l l be a t l e a s t 
o f t h e same o r d e r and p r o b a b l y l a r g e r t h a n those d i s c u s s e d f o r 
t h e a q u i f e r c h a r a c t e r i t i c s . I n o r d e r t o e s t i m a t e { D } , v a l u e s o f 
{T} and the f l o w p o r o s i t y {n} must be known and these e s t i m a t e s 
w i l l a l s o i n v o l v e e r r o r s and u n c e r t a i n t i e s . A t b e s t , t h e 
n u m e r i c a l v a l u e s o f {D} a v a i l a b l e are o r d e r s o f magnitude and 
w i l l reman so f o r t h e f o r s e e a b l e f u t u r e . 
2.4 ESTIMATION OF {q} THE SOURCES AND SINKS 
The g e n e r a l i s e d source terms a p p e a r i n g i n e q u a t i o n s 
2.1 and 2.2 are r a t h e r d i f f e r e n t . I n t h e f l o w e q u a t i o n (2.1) 
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sources (and s i n k s ) r e p r e s e n t i n f l o w s and o u t f l o w s o f w a t e r . I n 
the c o n v e c t i o n - d i f f u s i o n e u a t i o n (2.2) sources and s i n k s 
r e p r e s e n t i n p u t s and o u t p u t s o f p o l l u t a n t . These p o l l u t a n t 
sources (and s i n k s ) are i n p r a c t i c a l terms e s t i m a t e d by 
a s s i g n i n g a c o n c e n t r a t i o n t o a water i n f l o w or o u t f l o w and thus 
t h e problems o f e s t i m a t i n g source terms reduces t o one o f 
d e t e r m i n i n g these f l o w s . 
Some f l o w s are known v e r y p r e c i s e l y . W e l l d i s c h a r g e s 
and s p r i n g d i s c h a r g e s are f r e q u e n t l y measured on a r e g u l a r 
b a s i s and r e l i a b l e d a t a are a v a i l a b l e t o t h e m o d e l l e r . Water 
q u a l i t y f o r such ' p o i n t ' sources and s i n k s i s a l s o t y p i c a l l l y 
w e l l documented. 
Other more d i f f u s e source terms are v e r y p o o r l y 
known. I n f i l t r a t i o n from r a i n f a l l i s e s t i m a t e d by two p r i n c i p a l 
p rocedures a c c o r d i n g t o P h i l l i p s (1978) : 
(1) D i r e c t e s t i m a t i o n : the r a t e a t which water i s 
absorbed by t h e ground i s measured by some k i n d o f 
i n f i l t r o m e t e r . I n t h e b e s t t e s t s water budgets are c a l c u a l a t e d 
and a llowance i s made f o r e v a p o r a t i o n and t r a n s p i r a t i o n f o r 
l a r g e p l o t s . Such d a t a are r a r e , p a r t i c u l a r l y f o r u n c u l t i v a t e d 
a reas. 
(2) I n d i r e c t e s t i m a t i o n : i n f i l t r a t i o n i s e s t i m a t e d from 
r e c o r d s o f r a i n f a l l and e v a p o t r a n s p i r a t i o n . P r e c i s e r a i n f a l l 
s t a t i s t i c s w i t h good a r e a l coverage are u s u a l l y a v a i l a b l e b u t 
measurements o f e v a p o t r a n s p i r a t i o n are r a r e and e s t i m a t e s are 
n o r m a l l y made from e m p i r i c a l f o r m u l a e . Catchment balance 
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s t u d i e s p r o v i d e a check on i n f i l t r a t i o n e s t i m a t e s over l a r g e 
areas b u t no independent check on t h e a r e a l d i s t r i b u t i o n o f t h e 
parameter i s p r a c t i c a l . Measurements o f the q u a l i t y o f 
i n f i l t r a t i n g w aters are n o t p l e n t i f u l and a rough e s t i m a t e must 
n o r m a l l y be made. 
Where i n v e r s i o n t e c h n i q u e s are used t o deduce {T) and 
{S} from water l e v e l d a t a , these depend c r i t i c a l l y on t h e 
i n f i l t r a t i o n e s t i m a t e s . Since i n f i l t r a t i o n depends on such 
f a c t o r s as v e g e t a t i o n , c u l t i v a t i o n , and geology on a l o c a l 
s c a l e , i t i s u n l i k e l y t h a t d i s t r i b u t e d parameter e s t i m a t e s are 
a c c u r a t e . Another d i f f i c u l t y a r i s e s w i t h t h e t e m p o r a l v a r i a t i o n 
o f i n f i l t r a t i o n s i n c e t h e l a g between t h e r a i n f a l l event and 
th e a r r i v a l o f t h e i n f i l t r a t i n g water a t t h e s a t u r a t e d a q u i f e r 
depends on t h e c h a r a c t e r i s t i c s o f f l o w t h r o u g h t h e s o i l and 
u n s a t u r a t e d zone whic h i s v e r y l a r g e l y i n d e t e r m i n a t e . 
Thus, (q) i n common w i t h t h e o t h e r 'data' parameters 
i s known o n l y a p p r o x i m a t e l y t o t h e m o d e l l e r u s i n g d i s t r i b u t e d -
parameter methods. 
2.5 DATA AVAILABILITY FOR DISTRIBUTED PARAMETER MODELS 
Be a r i n g i n mind t h e c o n s i d e r a b l e u n c e r t a i n t i e s i n 
data r e l i a b i l i t y and a v a i l a b i l i t y f o r d i s t r i b u t e d parameter 
m o d e l l i n g o f groundwater systems, i t i s o f i n t e r e s t t o examine 
how much data i s used i n l a r g e d i s t r i b u t e d parameter p r e d i c t i o n 
models. To t h i s end, a r e v i e w o f p u b l i s h e d models over t he p a s t 
t e n y ears was undert a k e n t o d i s c o v e r t h e amount o f r e l i a b l e 
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f i e l d data used i n t h e c a l i b r a t i o n p r o c e d u r e s . The r e s u l t s are 
i n t e r e s t i n g and a l a r m i n g : 
Parms F i e l d Model M o d e l l i n g Model Reference 
v a l s nodes method t y p e 
{k} 14 181 A/D h y b r d Flow T h r a i l k i l l (1974) 
( k ) 6 >100 Elec a n a l Flow Sander (1976) 
{k} >200 900 Elec a n a l Flow Water Res Board (1973) 
{k } 12 375 Elec a n a l Flow Gupta e t a l (1979) 
{k } 5 380 Stdy FDM Flow Perez e t a l (1972) 
{k } •? 1414 Trans FDM Flow Robertson e t a l (1973) 
{ T } , {S} 25 824 Trans FDM Flow Oakes & Skinner (1975) 
{ T } , { S } 33 500 Trans FDM Flow Morel (1979) 
{ T } , { S } 19 893 Trans FDM Flow Reeves e t a l ( 1974 ) 
{ T } , { S } 8 290 Trans FDM Flow Rankine (1981) 
{D} 1 1050 Trans FEM Qual Br e d e h o e f t & Pinder (1973) 
(D) 1 110 Trans FEM Qual Guymon (1970) 
( D } 1 117 Trans FEM Qual Segol & Pinder (1976) 
{k} 26 141 Stdy FEM Flow Cherry e t a l ( 1973 ) 
{k } 26 780 Stdy FEM Flow F r i n d & Verge (1978) 
A l l t h e t a b u l a t e d cases r e p r e s e n t major r e g i o n a l m o d e l l i n g 
e x e r c i s e s . I t i s r e a d i l y apparent t h a t t h e amount o f f i e l d data 
a v a i l a b l e f o r such models i s v e r y l i m i t e d . I t i s d i f f i c u l t t o 
see how , i n many cases, t h e d a t a j u s t i f i e d t h e a p p l i c a t i o n o f 
a s o p h i s t i c a t e d d i s t r i b u t e d parameter model. I n most cases, t h e 
f i e l d t e s t d a ta was augmented by use o f groundwater l e v e l data 
t o i n f e r a q u i f e r c h a r a c t e r i s t i c s by i n v e r s i o n t e c h n i q u e s . The 
{q} v a l u e s used f o r t h e c r i t i c a l i n f i l t r a t i o n parameter i n such 
cases i s an e s t i m a t e based on r a i n f a l l d a t a . 
C o n f l i c t i n g r e s u l t s were o b t a i n e d by F r i n d and Verge 
(1978) when u s i n g t h e d a t a a v a i l a b l e from, a 2-D model and 
a p p l y i n g i t t o a 3-D model o f t h e same problem o f r a d i o a c t i v e 
waste d i s p o s a l . D i s c r e p a n c i e s a r i s i n g between t h e two models 
were o f major i m p o r t a n c e ; t h e 2-D models suggested t h a t i n t h e 
event o f r a d i o a c t i v e waste leakage, t h e leakage m a t e r i a l would 
be c a r r i e d t o t h e s u r f a c e ; t h e 3-D model suggested t h a t i t 
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would be t r a n s p o r t e d t o t h e b a s a l sand a q u i f e r . The a u t h o r s 
c o ncluded t h a t t h e data u t i l i z e d i n t h e 3-D model, b e i n g o f 2-D 
o r i g i n , was ina d e q u a t e t o d e s c r i b e t h e system and t h a t 
s i g n i f i c a n t 3-D e f f e c t s m i g h t be i m p o r t a n t . Problems such as 
changes i n s t r a t i g r a p h y and h y d r o g e o l o g i c parameters ( n o t a b l y 
{D} and { K } ) or a d d i t i o n a l boundary c o n d i t i o n s a l l v a r y i n g i n 
d i f f e r e n t v e r t i c a l s e c t i o n s o f t h e a q u i f e r c o u l d account f o r 
these r e s u l t s . The c o n c l u s i o n i s t h a t r e l i a b l e 3-D data i s 
needed i n o r d e r t o c r e a t e w o r t h w h i l e models o f t h e f i e l d system 
and t h e i m p l i c a t i o n i s t h a t 2-D models may n o t be capable o f 
s u c c e s s f u l l y p r e d i c t i n g system b e h a v i o u r . But 2-D data i s a l l 
t h a t i s a v a i l a b l e i n most p r a c t i c a l problems and v e r y r a r e l y i s 
i t r e l i a b l e and p l e n t i f u l . The v a l i d i t y o f these l a r g e 
d i s t r i b u t e d - p a r a m e t e r models must t h e r e f o r e be q u e s t i o n e d s i n c e 
2-D models may a p p a r e n t l y m i s l e a d and r e l i a b l e 3-D data i s 
v i r t u a l l y u n o b t a i n a b l e . 
Groundwater m o d e l l i n g r e l i e s v e r y h e a v i l y on t h e 
e x p e r i e n c e o f t h e m o d e l l e r i n ch o o s i n g a s e l f - c o n s i s t e n t s e t o f 
va l u e s o f { T } , { S } , { D } and {q} which w i l l r eproduce observed 
p a t t e r n s o f t h e dependent v a r i a b l e s c and h. Such s e t s however 
are by no means unique and an a d e q u a t e l y c a l i b r a t e d model i s by 
no means n e c e s s a r i l y a v a l i d one. Very g r e a t care must be 
e x e r c i s e d i n t h e use o f p r e d i c t i o n s from such models. Because 
o f t he i n h e r e n t u n c e r t a i n t y , t he c o s t - e f f e c t i v e n e s s o f l a r g e , 
s o p h i s t i c a t e d , d i s t r i b u t e d - p a r a m e t e r models s h o u l d be s e r i o u s l y 
c o n s i d e r e d t o g e t h e r w i t h a l t e r n a t i v e m o d e l l i n g p h i l o s o p h i e s . 
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CHAPTER THREE 
ANALYTICAL MODELS OF GROUNDWATER SYSTEMS 
3.1 ANALYTICAL MODELS 
The t e c h n i q u e which f i r s t comes t o mind f o r d e a l i n g 
w i t h t h e e q u a t i o n s g o v e r n i n g groundwater f l o w and s o l u t e 
t r a n s p o r t i s the a p p l i c a t i o n o f a n a l y t i c a l s o l u t i o n s . The 
go v e r n i n g e q u a t i o n s are (2.1) and (2.2) and t h e s i m p l e r steady 
s t a t e e q u a t i o n s where t h e ti m e d e r i v a t i v e on t h e r i g h t hand 
s i d e d i s a p p e a r s . A n a l y t i c a l s o l u t i o n s are o n l y p r a c t i c a l l y 
f e a s i b l e f o r r e l a t i v e l y s i m p l e e x p r e s s i o n s o f t h e c o n v e c t i o n -
d i s p e r s i o n e q u a t i o n . Most o f t h e p u b l i s h e d s o l u t i o n s are 1-D or 
pseudo-2-D and t r e a t t h e c o n v e c t i v e v e l o c i t y as an independent 
v a r i a b l e . 
B e f o r e t h e advent and widespread a v a i l a b i l i t y o f 
high-speed d i g i t a l computers, a n a l y t i c a l models were t h e o n l y 
a l t e r n a t i v e t o e l e c t r i c a l and p h y s i c a l analogues. A l t h o u g h t h e y 
can be r e p l a c e d by n u m e r i c a l laethods f o r many purposes, 
a n a l y t i c a l methods s t i l l have s i g n i f i c a n t a p p l i c a t i o n s i n a 
number o f areas : 
(1) r e g i o n a l problems : a n a l y t i c a l models are w i d e l y used 
t o s o l v e s i m p l e p r a c t i c a l problems and t o p r o v i d e p r e l i m i n a r y 
e s t i m a t e s i n more complex cases. 
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(2) parameter i d e n t i f i c a t i o n : most f i e l d and l a b o r a t o r y 
experiments t o d e t e r m i n e { T } , { S } and {D} r e l y on a n a l y t i c a l 
s o l u t i o n s . 
(3) c a l i b r a t i o n and v a l i d a t i o n : many n u m e r i c a l , 
p r o b a b l i s t i c and analogue models are c a l i b r a t e d and v a l i d a t e d 
on t h e i r a b i l i t y t o reproduce a n a l y t i c a l s o l u t i o n s . 
R a u d k i v i and C a l l a n d e r (1976) p r o v i d e a comprehensive 
account o f groundwater f l o w a n a l y s i s ; Walton (1970) r e f e r s 
e x t e n s i v e l y t o a n a l y t i c a l s o l u t i o n s a p p l i e d t o groundwater 
r e s o u r c e development and e v a l u a t i o n ; Kruseman and DeRidder 
(1979) g i v e a v e r y f u l l account o f a n a l y t i c a l s o l u t i o n s f o r 
w e l l h y d r a u l i c s problems; and F r i e d (1975) discusses a n a l y t i c a l 
s o l u t i o n s o f the c o n v e c t i o n - d i s p e r s i o n e q u a t i o n and t h e i r 
a p p l i c a t i o n s . 
3.2 REGIONAL APPLICATIONS 
A n a l y t i c a l models can be used t o s o l v e s i m p l e 
problems or as a f i r s t o r d e r a p p r o x i m a t i o n t o 'get a f e e l " o f 
more complex systems. Since e q u a t i o n s (2.1) and (2.2) are 
l i n e a r p a r t i a l d i f f e r e n t i a l e q u a t i o n s , s o l u t i o n s t o more 
complex problems may be b u i l t up by s u p e r p o s i t i o n o f 
fundamental s o l u t i o n s . L i n e a r n o - f l o w and recharge boundary 
c o n d i t i o n s may be s i m u l a t e d u s i n g t h e 'method o f images' 
d e s c r i b e d by F e r r i s e t a l (1962) which i n v o l v e s u s i n g s i g n e d 
c o m b i n a t i o n s o f fundamental s o l u t i o n s t o s i m u l a t e t h e r e q u i r e d 
boundary c o n d i t i o n s . 
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Walton (1970) d e s c r i b e s a number o f p r a c t i c a l 
a p p l i c a t i o n s o f s u p e r p o s i t i o n and image w e l l t h e o r y t o model 
r e g i o n a l groundwater a b s t r a c t i o n regimes. The f i r s t s t e p i n t h e 
m o d e l l i n g process i s t o i d e a l i s e t h e f i e l d s i t u a t i o n . T h i s 
n o r m a l l y i n v o l v e s assumptions o f i s o t r o p i c , homogeneous 
a q u i f e r s and l i n e a r b o u n d a r i e s . Before t h e w i d e s p r e a d use o f 
computers q u i t e e x t e n s i v e manual c a l c u l a t i o n s were made w i t h 
such models. Some t y p i c a l examples i n c l u d e : 
L o c a t i o n H y d r o y e o l o g i c a l d e t a i l s No w e l l s 
Real Image 
i n f i n i t e r e c t i l i n e a r s t r i p , 
A r e o l a , I l l i n o i s f u l l edge & base b a r r i e r s , 3 18 
sand and g r a v e l f o r m a t i o n . 
San M i g u e l 3 a s i n s e m i - i n f i n i t e r e c t i l i n e a r s t r i p , 
E l Salvador p a r t edge & base b a r r i e r s , 170 170 
p y r o c l a s t i c s and a l l u v i a l deps. 
s e m i - i n f i n i t e r e c t i l i n e a r s t r i p , 
A ssumption, I l l i n o i s f u l l edge & base b a r r i e r s , 4 20 
sand o v e r l a i n by a q u i t a r d . 
narrow wedge a q u i f e r , 
P e r k i n , I l l i n o i s 1 edge & base b a r r i e r , 1 r e c h a r g e , 4 92 
sand and g r a v e l f o r m a t i o n . 
s e r a i - i n f i n i t e r e c t i l i n e a r s t r i p , 
T a l l u l a , I l l i n o i s f u l l edge & base b a r r i e r s , 1 8 
sand and g r a v e l under a q u i t a r d . 
s e m i - i n f i n i t e r e c t i l i n e a r s t r i p , 
N o r t h East I l l i n o i s 2 edge & base b a r r i e r , 1 r e c h a r g e , 6 54 
s s t - d o l under a q u i t a r d . 
A r e c e n t s t u d y by Samani (1977) has shown t h a t as t h e number o f 
superimposed s o l u t i o n s i n c r e a s e s , the number o f c a l c u l a t i o n s 
necessary t o e v a l u a t e t h e a n a l y t i c a l model r a p i d l y approaches 
those necessary f o r the e q u i v a l e n t f i n i t e d i f f e r e n c e n u m e r i c a l 
model. Thus t h e r e i s a l i m i t t o t h e c o m p l e x i t y o f problem t h a t 
are w o r t h a n a l y s i n g by s u p e r p o s i t i o n . I t i s w o r t h n o t i n g here 
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t h a t o b t a i n i n g a s o l u t i o n w i t h i n a r e g i o n by g e n e r a t i n g t h e 
r e q u i r e d boundary c o n d i t i o n s u s i n g a t e c h n i q u e o f s u p e r p o s i t i o n 
o f fundamental s o l u t i o n s o f the g o v e r n i n g e q u a t i o n s i s t h e 
b a s i s o f t h e i n d i r e c t boundary element method (BEM) d i s c u s s e d 
b r i e f l y i n 5.4. 
A l l t h e groundwater development examples quoted 
i n v o l v e s u p e r p o s i t i o n o f ' p o i n t source and s i n k ' fundamental 
a x i s y m m e t r i c s o l u t i o n s . For l a n d d r a i n a a e models, t h e same 
image and s u p e r p o s i t i o n t e c h n i q u e s are used f o r fundamental 
s o l u t i o n s i n v o l v i n g ' l i n e sources and s i n k s ' . These are 
d e s c r i b e d by R a u d k i v i and C a l l a n d e r (1976) and by L u t h i n 
( 1 9 6 9 ) . 
Some s o l u t i o n s f o r 2-D r e g i o n a l f l o w have been 
developed. Marino ( 1 9 7 4 f ) g i v e s an a n a l y t i c a l e x p r e s s i o n f o r 
the r i s e and f a l l o f t h e w a t e r - t a b l e i n d u c e d by r e c h a r g e 
between two p a r a l l e l b o u n d a r i e s and Nutbrown and Downing (1976) 
use s o l u t i o n s t o a v e r y s i m i l a r problem f o r t h e a n a l y s i s o f 
bas e f l o w r e c e s s i o n c u r v e s . Marino (1974e) a l s o p r o v i d e s 2D-
s o l u t i o n s f o r t h e gr o w t h o f groundwater mounds as a r e s u l t o f 
d i s t r i b u t e d r e c h a r g e . Chan e t a l (1976) and Chan e t a l (1977) 
g i v e s o l u t i o n s f o r w e l l s i n r e c t a n g u a l r a q u i f e r s and Vandenberg 
(1977) g i v e s a s o l u t i o n f o r w e l l s i n a s e m i - i n f i n i t e s t r i p 
a q u i f e r . These a n a l y t i c a l s o l u t i o n s supersede t h e image and 
s u p e r p o s i t i o n methods w i d e l y used i n t h e 1960's and r e f e r e d t o 
by Walton ( 1 9 7 0 ) . 
No p r a c t i c a l a p p l i c a t i o n s o f 2-D s o l u t i o n s t o t h e 
c o n v e c t i o n - d i s p e r s i o n e q u a t i o n (2.2) encompassing b o t h l a t e r a l 
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and l o n g i t u d i n a l d i s p e r s i o n have been d i s c o v e r e d i n t h e 
groundwater l i t e r a t u r e a t t h e t i m e o f w r i t i n g though t h e y may 
e x i s t . Vedat e t a l (1978) r e p o r t a s o l u t i o n f o r st e a d y s t a t e 
2-D c o n v e c t i o n w i t h n o n - u n i f o r m i n f i l t r a t i o n w hich can be used 
f o r p r e d i c t i o n o f p l a n t n u t r i e n t movements i n i r r i g a t e d p l o t s . 
3.3 PARAMETER IDENTIFICATION APPLICATIONS 
A n a l y t i c a l models are almost always used t o deduce 
a q u i f e r c h a r a c t e r i s t i c s { T } , { S } and (D) from f i e l d and 
l a b o r a t o r y t e s t s . I n l a b o r a t o r y t e s t s , boundary c o n d i t i o n s are 
n o r m a l l y p r e s c r i b e d by t h e e x p e r i m e n t a l p r o c e d u r e and t h e 
d i r e c t i o n o f f l o w i s a l s o c o n t r o l l e d . A n a l y t i c a l s o l u t i o n s f o r 
s t a n d a r d t e s t c o n d i t i o n s a re hence o f g r e a t v a l u e . 
I n f i e l d t e s t s , t h e a p p l i c a t i o n o f a n a l y t i c a l 
s o l u t i o n s i s l e s s o b v i o u s . N e v e r t h e l e s s , pumping t e s t s are 
almost i n v a r i a b l y a n a l y s e d u s i n g t h e a n a l y t i c a l s o l u t i o n f o r 
t r a n s i e n t , c o n f i n e d r a d i a l f l o w t o a w e l l i n an i n f i n i t e , 
homogeneous, i s o t r o p i c a q u i f e r d e v i s e d by Theis (193 5) or a 
s i m i l a r a n a l y t i c a l s o l u t i o n o f e q u a t i o n ( 2 . 1 ) . S i m i l a r l y , F r i e d 
(1975) i n d i c a t e s t h e p o s s i b i l i t y o f the a p p l i c a t i o n o f 
a n a l y t i c a l s o l u t i o n s o f e q u a t i o n (2.2) under i d e a l i s e d 
c o n d i t i o n s f o r t h e e s t i m a t i o n o f {D} from s i n g l e and m u l t i p l e 
w e l l i n j e c t i o n t e s t s . 
A n a l y t i c a l s o l u t i o n s f o r r a d i a l f l o w t o w e l l s have 
been d e v i s e d f o r a v e r y wide range o f c o n d i t i o n s and t h e y are 
comprehensively r e v i e w e d and c o l l a t e d by Kruseman and DeRidder 
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(1979). The scope of the s o l u t i o n s covers : 
(1) confined-unconfined c o n d i t i o n s , 
(2) p a r t i a l l y p e n e t r a t i n g w e l l s , 
(3) delayed y i e l d from unconfined storage, 
(4) anisotropy i n { T } , 
(5) recharge from l e a k i n g aquitards above and below, 
(6) m u l t i - l a y e r a q u i f e r s . 
Many more v a r i a t i o n s i n boundary c o n d i t i o n s , formation geometry 
and anisotropy have been i n v e s t i g a t e d . 
The problem i n applying such s o l u t i o n s i s t h a t with 
each a d d i t i o n a l refinement new data parameters are introduced 
and more and more data are re q u i r e d from the f i e l d t e s t . I n 
ad d i t i o n , e v a l u a t i o n of the a n a l y t i c a l s o l u t i o n s can i n v o l v e a 
la r g e amount of a r i t h m e t i c and some s o l u t i o n s must be evaluated 
n u m e r i c a l l y . 
Crude 1-D a n a l y t i c a l s o l u t i o n s of the convection-
d i s p e r s i o n equation for porous media are provided by Marino 
(1974c); F r i e d (1975) and DeSmedt and Wierenga (1978). More 
complex 1-D s o l u t i o n s i n v o l v i n g p o l l u t a n t absorbtion i n c l u d e 
Marino (1974a,b,d); Selirn and Mansell (1976) and Cameron and 
Klute (1977). Although these models s u c c e s s f u l l y p r e d i c t the 
behaviour of tr a n s p o r t e d s o l u t e s i n u n i d i r e c t i o n a l l a b o r a t o r y 
experiments, t h e i r v a l i d i t y for the a n a l y s i s of 3-D f i e l d t e s t s 
i s very questionable and F r i e d (1975) recommends the use of 
distributed-parameter 2 or 3-D numerical models f o r parameter 
i d e n t i f i c a t i o n . 
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3.4 CALIBRATION AND VALIDATION APPLICATIONS 
A n a l y t i c a l model s o l u t i o n s p r o v i d e v a l u a b l e 
'benchmark' s o l u t i o n s f o r t h e comparative e v a l u a t i o n o f 
accuracy o f n u m e r i c a l and analogue models o f a l l k i n d s . 
A l t h o u g h i t i s d i f f i c u l t sometimes t o f i n d an 
a n a l y t i c a l s o l u t i o n t o f i t r e a l f i e l d o r l a b o r a t o r y c o n d i t i o n s , 
almost any i d e a l i s e d c o n d i t i o n s can be s i m u l a t e d by 
d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models. Thus n u m e r i c a l 
s i m u l a t i o n o f s i t u a t i o n s f o r which t h e r e i s an a n a l y t i c a l 
s o l u t i o n can be r e a d i l y o b t a i n e d . Such s i m u l a t i o n s p r o v i d e 
independent checks on t h e accuracy o f n u m e r i c a l models and are 
thu s w i d e l y used f o r c a l i b r a t i o n and v a l i d a t i o n . 
3.5 LIMITATIONS OF ANALYTICAL MODELS 
W h i l s t n o t d e t r a c t i n g from t h e use o f a n a l y t i c a l 
s o l u t i o n s f o r many o f t h e problems d i s c u s s e d , t h e methods do 
have severe l i m i t a t i o n s f o r p r a c t i c a l m o d e l l i n g purposes. 
N e v e r t h e l e s s , many d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models are 
a p p l i e d t o problems which c o u l d have been a d e q u a t e l y s o l v e d i n 
a few minutes w i t h a hand c a l c u l a t o r and a n a l y t i c a l f o r m u l a . 
The p r i n c i p a l l i m i t a t i o n s o f a n a l y t i c a l models are 
those o f i n f l e x i b i l i t y : 
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(1) Boundary c o n d i t i o n s must be uncomplicated and t h i s 
u s u a l l y means l i n e a r or piecewise l i n e a r ; 
(2) Aquifer c h a r a c t e r i s t i c s must vary p r e d i c t a b l y , that 
i s , normally homogeneous and i s o t r o p i c ; 
( 3 ) Systems must remain l i n e a r such t h a t boundary 
conditions and a q u i f e r c h a r a c t e r i s t i c s are i n v a r i e n t with time. 
These are very important r e s t r i c t i o n s but before d i s m i s s i n g the 
simple a n a l y t i c a l approach, the modeller must consider whether 
the a v a i l a b l e data j u s t i f i e s the use of a more f l e x i b l e , 
s o p h i s t i c a t e d technique. 
I n a few c a s e s , very complex a n a l y t i c a l s o l u t i o n s , 
although a v a i l a b l e , can i n v o l v e so much computation i n t h e i r 
e v a l u a t i o n t h a t a numerical model i s a more e f f i c i e n t s o l u t i o n 
to the p r a c t i c a l problem. Many a n a l y t i c a l f u n c t i o n s are 
tabu l a t e d and presented g r a p h i c a l l y to avoid the n e c e s s i t y for 
such c a l c u l a t i o n s . 
48 
CHAPTER FOUR 
ANALOGUE MODELS OF GROUNDWATER SYSTEMS 
4 .1 ANALOGUE MODELS 
The p r i n c i p a l t y p e s of a n a l o g u e s u s e d i n t h e 
s i m u l a t i o n o f groundwater problems f a l l i n t o two broad 
c a t e g o r i e s : 
(1 ) P h y s i c a l a n a l o g u e s , w h i c h c o m p r i s e f l o w - t a n k models o f 
v a r i o u s k i n d s i n c l u d i n g sand-boxes and Hele-Shaw t y p e models; 
and 
( 2 ) E l e c t r i c a l a n a l o g u e s , w h i c h c o m p r i s e r e s i s t a n c e and 
r e s i s t a n c e - c a p a c i t a n c e n e t w o r k s . 
A b r i e f r e v i e w o f r e c e n t a p p l i c a t i o n s o f a n a l o g u e s 
and t h e i r a d v a n t a g e s and l i m i t a t i o n s w i l l be d i s c u s s e d . To 
o b t a i n r e a l i s t i c p r a c t i c a l e x p e r i e n c e on wh i c h t o b a s e s u c h a 
d i s c u s s i o n , an e x p e r i m e n t a l s t e a d y - s t a t e e l e c t r i c a l a n a l o g u e 
model of d r a i n a g e from a w a s t e t i p i n t o an a q u i f e r w i t h a 
r e g i o n a l groundwater g r a d i e n t was d e v e l o p e d . A d d i t i o n a l l y , some 
l i m i t e d sand-box e x p e r i m e n t s were c a r r i e d o u t t o model 
p o l l u t a n t plume development b e n e a t h a w a s t e d i s p o s a l s i t e b u t 
q u a n t i t a t i v e r e s u l t s p r o v e d v e r y d i f f i c u l t t o o b t a i n and t he 
at t e m p t was abandoned a f t e r a few r u n s . 
49 
4.2 SAND-BOX ANALOGUES 
Sand-box models r e p r e s e n t t h e porous medium by a 
g r a n u l a r m a t e r i a l ( n o r m a l l y sand or g r a v e l ) p l a c e d i n a f l o w 
t a n k ; t h e pore f l u i d i s u s u a l l y w a t e r , o f t e n c o l o u r e d i n 
c e r t a i n p l a c e s by dye so t h a t f l u i d movement can be t r a c e d . 
P s e u d o - t w o - d i m e n s i o n a l sand beds a r e u s e d t o r e p r e s e n t s u b -
h o r i z o n t a l f l o w problems and t h i n , v e r t i c a l , t r a n s p a r e n t - s i d e d 
t a n k s a r e use d t o r e p r e s e n t v e r t i c a l s e c t i o n s . O c c a s i o n a l 3D-
sand-box a n a l o g u e s have been u s e d , h a v i n g a p p r o x i m a t e l y c u b o i d 
shape. 
The a d v a n t a g e s of sand-box models a r e r e l a t i v e l y 
l i m i t e d b u t t h e r e a r e some a p p l i c a t i o n s i n w h i c h t h e y a r e 
v a l u a b l e : 
( 1 ) Q u a l i t a t i v e d e m o n s t r a t i o n s : sand-boxes f i n d wide and 
c o n t i n u i n g a p p l i c a t i o n s i n t h e q u a l i t a t i v e d e m o n s t r a t i o n o f 
f l u i d f l o w phenomena s u c h as seepage b e n e a t h dams, p o l l u t a n t 
plume development, s t r e a m l i n e i l l u s t r a t i o n s o f l a m i n a r f l o w , 
and f i l t e r b e h a v i o u r . T h e s e a p p l i c a t i o n s a r e m a i n l y i n 
t e a c h i n g . 
( 2 ) P a r t i c l e m i g r a t i o n phenomena : sand-box e x p e r i m e n t s 
s t i l l r emain t h e b e s t method o f s t u d y i n g p a r t i c l e m i g r a t i o n 
phenomena i n d u c e d by f l u i d f l o w . T r a c t i o n o f p a r t i c l e s i n 
f i l t e r s and p a r t i c l e movement t o produce ' p i p i n g ' a r e v e r y 
d i f f i c u l t t o model m a t h e m a t i c a l l y . 
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( 3 ) S o l u t i o n - d e p o s i t i o n phenomena : sand-box models a r e 
u s e d w i t h c o n t i n u i n g s u c c e s s t o examine t h e m i g r a t i o n o f s a l t s 
t hrough porous media. S i m u l a t i o n s o f s u b s i d e n c e due t o s o l u t i o n 
has a l s o been m o d e l l e d . 
( 4 ) S o u r c e s o f d a t a : S i m p l e sand-box models have r e c e n t l y 
been u s e d by P e t e r s o n e t a l (1978) t o o b t a i n l a b o r a t o r y d a t a 
f o r t h e c a l i b r a t i o n and v a l i d a t i o n o f more complex m a t h e m a t i c a l 
models. 
The a d v a n t a g e s o f sand-box a n a l o g u e s a r e t h u s p r i m a r i l y as 
q u a l i t a t i v e a i d s i n t h e v i s u a l i s a t i o n of f l u i d f l o w problems 
r a t h e r t h a n i n t h e i r q u a n t i t a t i v e , p r a c t i c a l s o l u t i o n . 
The l i m i t a t i o n s o f sand-box models a r e , i n t h e main, 
common t o a l l s c a l e m o d e l l i n g s i t u a t i o n s . 
( 1 ) S c a l i n g problems : p r o p e r t i e s l i k e g r a i n - s i z e and 
p o r e - s i z e a r e not p r o p e r l y s c a l e d and c a p i l l a r y r i s e s and 
s u c t i o n problems a r e v e r y d i f f i c u l t t o overcome. S i m u l a t e d 
r a i n f a l l can d i s t u r b p a r t i c l e s t o s i g n i f i c a n t d e p t h s . 
( 2 ) Boundary c o n d i t i o n s : a t low f l o w r a t e s , minor l e a k s 
and s e e p a g e s from t a n k seams can be r e s p o n s i b l e f o r huge e r r o r s 
s i n c e boundary c o n d i t i o n s a r e m a s s i v e l y changed. 
( 3 ) Measurement a c c u r a c y : measurement and m a i n t e n a n c e of 
s p e c i f i e d low f l o w r a t e s i s d i f f i c u l t and measurement o f head 
o r p o t e n t i a l i s t r o u b l e s o m e b e c a u s e o f c a p i l l a r y e f f e c t s i n 
scaled-down p i e z o m e t e r s . 
( 4 ) C o n s t r u c t i o n problems : i t i s v i r t u a l l y i m p o s s i b l e t o 
b u i l d an a n i s o t r o p i c o r inhomogeneous model w i t h p r e - s p e c i f i e d 
p r o p e r t i e s . Problems o f co m p a c t i o n and m i x i n g and d i s t u r b a n c e 
d u r i n g s a t u r a t i o n make complex models v e r y d i f f i c u l t t o b u i l d . 
( 5 ) S a t u r a t i o n problems : a l l sand-box models must be 
s a t u r a t e d w i t h w a t e r a t some s t a g e . E n s u r i n g c o m p l e t e 
s a t u r a t i o n i s o f t e n a problem and a i r - e n t r a i n m e n t c a n 
s i g n i f i c a n t l y r e d u c e a p p a r e n t p e r m e a b i l i t y and homogeneity. 
The main d i s a d v a n t a g e s o f sand-box a n a l o g u e s l i e i n t h e 
problems o f s c a l i n g and t h e i r o v e r a l l i m p r e c i s i o n b o t h i n 
c o n s t r u c t i o n and i n making measurements. They a r e a l s o v e r y 
time consuming i f r e p e a t a b l e q u a n t i t a t i v e r e s u l t s a r e r e q u i r e d . 
4.3 HELE-SHAW ANALOGUES 
Hele-Shaw a n a l o g u e s a r e f l o w t a n k models b u t do n o t 
a t t e m p t t o p h y s i c a l l y r e p r e s e n t t h e porous medium as a s c a l e 
model. They e x p l o i t t h e a n a l o g y between s a t u r a t e d f l o w i n a 
porous medium and v i s c o u s f l o w i n a narrow spac e between 
p a r a l l e l p l a t e s . 
Inhomogeneity c a n be m o d e l l e d by v a r y i n g t h e d i s t a n c e 
between the p l a t e s s i n c e t h e m o d e l l e d t r a n s m i s s i v i t y i s 
p r o p o r t i o n a l t o t h e s q u a r e o f t h e p l a t e s e p e r a t i o n . A n i s o t r o p y 
i s g e n e r a t e d by c o r r u g a t i o n s w h i c h r e l a t i v e l y r e s t r i c t s f l o w 
normal t o t h e r i d g e s . B o u n d a r i e s i n Hele-Shaw models a r e r e a l 
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f l u i d f l o w b o u n d a r i e s . No-flow b o u n d a r i e s p r e v e n t t h e p a s s a g e 
o f t h e v i s c o u s f l u i d , c o n s t a n t and v a r i a b l e head b o u n d a r i e s a r e 
s e t by c o n t r o l l i n g t h e f l u i d p o t e n t i a l , f l o w b o u n d a r i e s a r e s e t 
by c o n t r o l l i n g t h e f l u i d f l o w . S o u r c e s and s i n k s r e q u i r e t h e 
a d d i t i o n o r removal o f f l u i d . 
One major advantage of Hele-Shaw a n a l o g u e s i s t h a t 
more tha n one f l u i d may be u s e d and t h u s s a l i n e i n t e r f a c e s and 
p o l l u t a n t m i g r a t i o n problems can be t a c k l e d . T h e i r major 
d i s a d v a n t a g e s a r e : 
(1 ) I n f l e x i b i l i t y : models a r e problem s p e c i f i c and a new 
problem r e q u i r e s r e b u i l d i n g . 
( 2 ) C o s t and time : models a r e time-consuming t o c o n s t r u c t 
and t h e equipment n e c e s s a r y t o c o n t r o l and a c c u r a t e l y measure 
f l u i d f l o w s and p r e s s u r e s i s e x p e n s i v e . 
( 3 ) P r e c i s i o n o f r e p r e s e n t a t i o n : a n i s o t r o p y and 
inhomogeneity r e q u i r e v e r y p r e c i s e , s p e c i f i c measurements o f 
p l a t e s e p e r a t i o n s t o be c o n s t r u c t e d and m a i n t a i n e d . 
A p p r o x i m a t i o n s must be made and o n l y r e l a t i v e l y c o a r s e 
a d j u s t m e n t s can be made. 
D e s p i t e t h e i r c o s t , Hele-Shaw models a r e v a l u a b l e 
p a r t i c u l a r l y f o r two f l u i d p r oblems. R e c e n t a p p l i c a t i o n s a r e 
p r o v i d e d by Marei ( 1 9 7 4 ) , S m i l e s and S t o k e s ( 1 9 7 6 ) , and Bouwer 
( 1 9 7 8 ) . No e x p e r i m e n t a l work has been c a r r i e d o u t i n t h i s s t u d y 
u s i n g s u c h models b u t t h e i r v a l u e i n d e m o n s t r a t i n g t w o - f l u i d 
problems and p r o v i d i n g d a t a a g a i n s t w h i c h n u m e r i c a l models may 
be v a l i d a t e d i s n o t i n doubt. 
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4.4 ELECTRICAL ANALOGUES 
E l e c t r i c a l a n a l o g u e models of f l o w t h r o u g h porous 
media e x p l o i t t h e a n a l o g y between s u b s u r f a c e f l o w under 
h y d r a u l i c g r a d i e n t s and c u r r e n t f l o w under e l e c t r i c a l p o t e n t i a l 
g r a d i e n t s i between Ohm's law and D a r c y ' s l a w . H y d r a u l i c 
c o n d u c t i v i t y i s m o d e l l e d by e l e c t r i c a l c o n d u c t i v i t y , w a t e r 
s t o r a g e i s e q u i v a l e n t t o t h e s t o r a g e o f e l e c t r o s t a t i c e n e r g y i n 
c a p a c i t o r s . E x t e n s i v e a c c o u n t s o f t h e o r y and p r o c e d u r e a r e 
g i v e n by Walton e t a l ( 1 9 6 3 ) , Domenico (1972) and H e r b e r t and 
Rushton ( 1 9 6 6 ) . 
Most l a r g e e l e c t r i c a l a n a logue models a r e b a s e d on a 
r e s i s t a n c e - c a p a c i t a n c e - n e t w o r k d i s c r e t i s a t i o n o f t h e r e g i o n t o 
be m o d e l l e d and a r e t w o - d i m e n s i o n a l a p p r o x i m a t i o n s . 
O c c a s i o n a l l y 3D-models have been c o n s t r u c t e d . S t e a d y - s t a t e 
models r e q u i r e o n l y power s u p p l i e s t o m a i n t a i n boundary 
c o n d i t i o n s ; t r a n s i e n t models need waveform g e n e r a t o r s and p u l s e 
g e n e r a t o r s t o p r o v i d e t r a n s i e n t i n p u t s t o g e t h e r w i t h 
o s c i l l o s c o p e s t o d i s p l a y and s t o r e r e s p o n s e s . E l e c t r i c a l 
a n alogue models a c h i e v e d t h e i r w i d e s t a p p l i c a t i o n i n t h e mid t o 
l a t e 1960's and i n t h e i r l a t e r s t a g e s o f development were o f t e n 
i n t e r r o g a t e d by d i g i t a l computers t o overcome t h e problems o f 
d a t a c o l l e c t i o n . 
The p r i n c i p a l a d v a n t a g e s c l a i m e d f o r e l e c t r i c a l 
a n a l o g u e s , f o r example by Walton e t a l (1963) and P r i c k e t t and 
L o n n q u i s t ( 1 9 6 8 ) , have been a l m o s t c o m p l e t e l y l o s t w i t h t h e 
adve n t o f d i g i t a l c o m p u t e r s . 
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( 1 ) F l e x i b i l i t y : components a r e r e - u s a b l e and new 
networks can be b u i l t up w i t h o u t a d d i t i o n a l c a p i t a l 
e x p e n d i t u r e . D i g i t a l models a r e i n f i n i t e l y more f l e x i b l e , 
s o f t w a r e development i s v e r y much e a s i e r and f a s t e r t h a n 
r e b u i l d i n g o f hardware d e v i c e s . 
( 2 ) E a s y o p e r a t i o n : a n a l o g u e s c a n be s u b j e c t e d t o a l a r g e 
number o f d i f f e r e n t i n p u t s and t h e r e s p o n s e s q u i c k l y and e a s i l y 
measured. I n f a c t , o b t a i n i n g p o t e n t i a l maps from a n a l o g u e 
models i s a t e d i o u s b u s i n e s s even f o r s t e a d y - s t a t e models. F o r 
t r a n s i e n t models, s i m u l t a n e o u s r e a d i n g o f t h e p o t e n t i a l s a t a l l 
network nodes r e q u i r e s a d e d i c a t e d d i g i t a l computer. Compared 
w i t h d i g i t a l models, a n a l o g u e o p e r a t i o n i s complex and t i m e 
consuming. 
( 3 ) C l o s e c o r r e s p o n d e n c e t o t h e h y d r o g e o l o g i c s y s t e m : 
r e s i s t a n c e - c a p a c i t a n c e n e t w o r k s can be d e s i g n e d t o f i t any 
p a t t e r n o f p e r m e a b i l i t y and s t o r a g e c o e f f i c i e n t and any 
boundary c o n d i t i o n s . C a l i b r a t i o n and v a l i d a t i o n o f a n a l o g u e 
models i s a l o n g p r o c e d u r e i n v o l v i n g f r e q u e n t r e p l a c e m e n t o f 
components. A l t h o u g h d i g i t a l models r e q u i r e a s i m i l a r number o f 
changes, t h e s e changes a r e i n n u m e r i c a l d a t a and a r e t h e r e f o r e 
much f a s t e r . 
( 4 ) Speed and c h e a p n e s s ; a n a l o g u e s a r e r e l a t i v e cheap t o 
c o n s t r u c t and run and r e s u l t s can be r a p i d l y a c c u m u l a t e d . 
A l t h o u g h t r a n s i e n t a n a l o g u e s a r e f a s t e r t h a n most d i g i t a l 
c o mputers, t h e c o l l e c t i o n and p r e s e n t a t i o n o f r e s u l t s i s n o t 
and a g a i n n u m e r i c a l methods a r e s u p e r i o r both i s speed and 
c h e a p n e s s . 
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S i m p l e e l e c t r i c a l a n a l o g u e s o f s t e a d y - s t a t e , homogeneous, 
i s t r o p i c problems c a n be c o n s t r u c t e d w i t h o u t t h e n e c e s s i t y f o r 
complex r e s i s t a n c e n e t w o r k s by u s i n g g r a p h i t e - c o a t e d 
' T e l e d e l t o s ' p a p e r . Such models a r e v e r y f a s t and e a s y t o 
c o n s t r u c t and a r e u s e f u l i n p r e l i m i n a r y i n v e s t i g a t i o n s o f 
problems w i t h complex boundary topography. Analogue s t u d i e s of 
t h i s k i n d can be a u s e f u l p r e l u d e t o d i g i t a l m o d e l l i n g and 
a l l o w t h e e f f e c t s o f a p p r o x i m a t i o n s i n t h e r e p r e s e n t a t i o n of 
b o u n d a r i e s t o be r a p i d l y i n v e s t i g a t e d . 
One v e r y major l i m i t a t i o n o f e l e c t r i c a l a n a l o g u e s n o t 
s h a r e d by e i t h e r s a n d tank or d i g i t a l models i s t h e i r i n a b i l i t y 
t o t a c k l e c o u p l e f l o w - d i s p e r s i o n - d i f f u s i o n p r o b l e m s . 
E l e c t r i c a l a n a l o g u e models a r e l a r g e l y a t h i n g o f t h e 
p a s t though t h e i r use s t i l l c o n t i n u e s . The h y b r i d e l e c t r i c a l -
a n a l o g u e - d i g i t a l computer u s e d t o model t h e t r a n s i e n t r e s p o n s e 
of t h e C h a l k o f t h e London B a s i n by t h e Water R e s o u r c e s Board 
(1973) r e p r e s e n t s t h e f i n a l s t a g e o f c o m p l e x i t y and 
s o p h i s t i c a t i o n o f s u c h models b e f o r e t h e i r a l m o s t c o m p l e t e 
r e p l a c e m e n t by d i g i t a l n u m e r i c a l models. A few l a t e r analogue 
models a r e t o be found i n t h e l i t e r a t u r e , f o r example Sander 
(1976) and Gupta e t a l ( 1 9 7 9 ) , but s u c h examples a r e 
i n c r e a s i n g l y r a r e . 
4.5 EXPERIMENTS WITH ELECTRICAL ANALOGUE MODELS 
A s i m p l e e l e c t r i c a l a n a logue model was c o n t r u c t e d t o 
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s i m u l a t e f l o w from b e n e a t h a w a s t e d i s p o s a l t i p . The purpose o f 
t h e e x p e r i m e n t a l work was m a i n l y t o g a i n e x p e r i e n c e o f t h e 
t e c h n i q u e . However, f o r r e l a t i v e l i t t l e e f f o r t some u s e f u l 
r e s u l t s were o b t a i n e d w h i c h l e n d s u p p o r t t o t h e major 
c o n c l u s i o n o f the work as a whole - crude models a r e much more 
c o s t e f f e c t i v e than complex models. 
The c a s e c o n s i d e r e d i s t h a t of t w o - d i m e n s i o n a l f l o w 
i n t h e v e r t i c a l p l a n e i n an a q u i f e r w i t h a h o r i z o n t a l 
impermeable b a s e and a r e g i o n a l g r a d i e n t . A l o c a l i s e d s o u r c e o f 
i n p u t from t h e b a s e o f t i p i s s u p e r i m p o s e d . I t i s assumed t h a t 
t h e w a s t e t i p p r o v i d e s a c o n s t a n t s o u r c e o f w a t e r , i n r e a l i t y 
t h i s may r e p r e s e n t s l o w l e a k a g e from a p e r c h e d w a t e r - t a b l e 
e s t a b l i s h e d i n t h e t i p . I n f i l t r a t i o n o v e r t h e r e m a i n i n g a r e a i s 
assumed t o be n e g l i g i b l e due t o e f f i c i e n t f i e l d d r a i n a g e t o 
s u r f a c e w a t e r c o u r s e s . The t w o - d i m e n s i o n a l model i m p l i e s a 
l i n e a r t i p normal t o t h e l i n e o f s e c t i o n ; many s p o i l d i s p o s a l 
t i p s f o r m i n i n g w a s t e s have t h i s g e n e r a l form. 
The e x p e r i m e n t a l equipment u s e d was t h a t employed f o r 
r o u t i n e l a b o r a t o r y d e m o n s t a t i o n s and c o m p r i s e d : 
G r a p h i t e - c o a t e d ' T e l e d e l t o s ' paper 
' E l e c t r o d a g ' s i l v e r s u s p e n s i o n p a i n t 
2 No. DC power s u p p l i e s ( 0 - 2 0 v ) 
V a r i a b l e r e s i s t a n c e f i e l d p l o t t e r ( b r i d g e c i r c u i t ) 
3 No. d i g i t a l v o l t m e t e r s 
2 No. d i g i t a l ammeters 
F i g u r e s 4.1a and 4.1b show d i a g r a m a t i c a l l y the e x p e r i m e n t a l 
l a y o u t f o r t h e p l o t t i n g o f e q u i p o t e n t i a l s and s t r e a m l i n e s 
r e s p e c t i v e l y . 
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F o r t h e p l o t t i n g o f e q u i p o t e n t i a l l i n e s , t h e 
b o u n d a r i e s marked ( a ) , ( c ) , and ( e ) i n F i g . 4.2 were i n i t i a l l y 
s e t t o c o n s t a n t p o t e n t i a l by p a i n t i n g w i t h a s i l v e r s u s p e n s i o n 
and a p p l y i n g an a p p r o p r i a t e v o l t a g e . Boundary ( c ) was s e t t o 
z e r o p o t e n t i a l and b o u n d a r i e s ( a ) and ( e ) were s e t t o v a r i o u s 
p o s i t i v e p o t e n t i a l v a l u e s : 
E x p e r i m e n t Boundary ( a ) 
P o t e n t i a l C u r r e n t 
( v o l t s ) (microamps) 
Boundary ( e ) 
P o t e n t i a l C u r r e n t 
( v o l t s ) (mi croamps) 
1 +10 +1640 +5 -10 
2 +5 +107 +5 +597 
3 0 -416 +5 +850 
4 +2.5 -362 +5 +1428 
5 +1 -980 +5 +2280 
6 0 -902 +5 +1802 
7 0 -395 +5 +790 
8 +2.5 -330 +5 +1148 
9 +2.5 -390 +5 +1393 
The a c t u a l p o t e n t i a l s u s e d a r e i r r e l e v a n t , o n l y t h e i r r a t i o i s 
i m p o r t a n t . C h e c k s were made t o e n s u r e t h a t t h e p o t e n t i a l drop 
a l o n g t h e s i l v e r p a i n t e d ' c o n s t a n t p o t e n t i a l l i n e s ' were 
m i n i m a l then e q i p o t e n t i a l l i n e s were p l o t t e d u s i n g t h e f i e l d 
p l o t t e r t o d i v i d e t h e p o t e n t i a l drop i n t e n e q u a l i n t e r v a l s . 
The f i e l d p l o t t e r i s a s i m p l e Wheatstone b r i d g e c i r c u i t i n 
w h i c h one arm can be s e t t o a f r a c t i o n o f the t o t a l p.d. by a 
v a r i a b l e r e s i s t o r and b a l a n c e d a g a i n s t t h e p.d. t o a p o i n t on 
th e ' T e l e d e l t o s ' p a p e r . The c u r r e n t s f l o w i n g a t t h e b o u n d a r i e s 
were measured w i t h t h e ammeters ( s e e F i g . 4 . 1 a ) . 
F o r t h e p l o t t i n g o f s t r e a m l i n e s , t h e c o n s t a n t 
p o t e n t i a l b o u n d a r i e s were made no- f l o w and v i c e - v e r s a . T h i s 
i n v o l v e d c u t t i n g a t h i n s t r i p from t h e paper w i t h a s c a l p e l t o 
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F i g 4.2 A q u i f e r r e p r e s e n t a t i o n 
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remove the p a i n t l i n e s and r e p a i n t i n g new b o u n d a r i e s . S t r i c t l y 
s p e a k i n g the f l o w l i n e s c o u l d have been c o n s t r u c t e d s i n c e t h e y 
a r e o r t h o g o n a l t o t h e e q u i p o t e n t i a l s b u t i n p r a c t i c e i t i s 
f a s t e r t o p l o t them. The p r o c e d u r e i s t h e same as f o r 
e q u i p o t e n t i a l p l o t t i n g t h e o n l y problem i s d e c i d i n g on t h e 
v a l u e s o f p o t e n t i a l f o r the new c o n s t a n t p o t e n t i a l b o u n d a r i e s . 
U s i n g Ohm's la w and K i r c h o f f ' s l a w s i t can be shown t h a t t h e 
r e q u i r e d p o t e n t i a l drop between any two new b o u n d a r i e s i s 
p r o p o r t i o n a l t o the c u r r e n t a t the i n t e r v e n i n g boundary when i t 
was a c o n s t a n t p o t e n t i a l . F i g u r e 4.3 i l l u s t r a t e s t h e r e q u i r e d 
c o n d i t i o n s f o r the g e n e r a l c a s e d e r i v e d by Domenico (1972) i n 
t h e groundwater m o d e l l i n g c o n t e x t . 
The purpose of t h e e x p e r i m e n t s was t o h e l p i n t h e 
f o r m u l a t i o n o f more p r a c t i c a l models o f p o l l u t i o n from t i p s and 
t o g a i n a ' f e e l ' f o r t h e problem. The models i s c r u d e and many 
a s s u m p t i o n s and a p p r o x i m a t i o n s a r e made. 
(1 ) I t i s i m p l i e d t h a t f l o w i n t h e a q u i f e r i s p a r a l l e l t o 
t h e impermeable bas e o f t h e f o r m a t i o n . A n o t u n r e a s o n a b l e 
h y d r o g e o l o g i c a l a p p r o x i m a t i o n . 
( 2 ) I t i s assumed t h a t t h e f l o w from the t i p can be 
r e p r e s e n t e d by a l i n e o f c o n s t a n t p o t e n t i a l . I n r e a l i t y , the 
c e n t r e o f any t i p i s under a g r e a t e r normal s t r e s s and 
t h e r e f o r e more compact and p e r h a p s l e s s permeable t h a n t h e 
m a r g i n s . No a t t e m p t i s made t o model t h i s . 
( 3 ) I t i s i m p l i e d t h a t t h e t h r e e c o n s t a n t p o t e n t i a l s a r e 
i n d e p e n d e n t . T h e r e i s no means f o r them t o i n t e r a c t . I n many 
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c a s e s t h i s may be a p p r o x i m a t e l y t r u e p a r t i c u l a r l y i f t h e f l o w 
from t h e t i p i s s m a l l compared t o t he r e g i o n a l f l o w . I n o t h e r 
c a s e s t h i s a s s u m p t i o n may n o t h o l d . 
( 4 ) I n e x p e r i m e n t s 7 and 9, where 0.75 of the f o r m a t i o n i s 
s a t u r a t e d , and e x p e r i m e n t s 6 and 8, where 0.5 of t h e f o r m a t i o n 
i s s a t u r a t e d , o n l y a f i r s t o r d e r a p p r o x i m a t i o n of t h e shape o f 
the f r e e - s u r f a c e i s made. 
The f l o w - n e t s p r o d u c e d f o r the 9 e x p e r i m e n t s a r e 
shown i n F i g s 4 . 4 a - i . When c o n t a m i n a t e d w a t e r l e a k s from a 
s p o i l heap t h e model r e s u l t s a l l o w t h e f o l l o w i n g t e n t a t i v e 
c o n c l u s i o n s t o be drawn : 
( 1 ) When t h e r e g i o n a l f l o w i s h i g h r e l a t i v e t o t h e f l o w 
from t h e t i p ( F i g . 4.4a) any c o n t a m i n a t e d w a t e r w i l l be swept 
away a t r e l a t i v e l y s h a l l o w d e p t h . 
( 2 ) When r e g i o n a l f l o w i s low r e l a t i v e t o f l o w from t h e 
t i p ( F i g s 4 . 4 c , e , f , g ) a l a r g e b u t m o b i l e plume o f p o l l u t a n t 
forms. A l t h o u g h s u c h a plume i m p l i e s c o n t i n u o u s c o n t a c t between 
p o l l u t e d w a t e r and t h e porous medium, c h e m i c a l r e a c t i o n s may 
not o c c u r due t o t he r e l a t i v e l y r a p i d movement o f t h e f l u i d . 
( 3 ) When r e g i o n a l f l o w and f l o w from t h e t i p a r e o f 
s i m i l a r magnitudes ( F i g s 4 .4b,d,h,i) e x t e n s i v e a r e a s o f ' s l a c k ' 
r e l a t i v e immobile w a t e r d e v e l o p . I n t h e s e a r e a s c h e m i c a l 
r e a c t i o n between p o l l u t e d w a t e r s and t h e porous medium a r e 
p o s s i b l e s i n c e l o n g r e s i s d e n c e t i m e s a r e t o be e x p e c t e d . Such 
a r e a s may t e n d t o become a n a e r o b i c i f t h e i n f l o w i s l i m i t e d . 
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These c o n c l u s i o n s a r e r e l a t i v e l y o b v i o u s even w i t h o u t t h e model 
but t h e m o d e l l i n g p r o c e s s g i v e s a s e m i - q u a n t i t a t i v e a s p e c t t o 
the c o n c l u s i o n and p o i n t s t h e way t o more d e t a i l e d e x p e r i m e n t s . 
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CHAPTER F I V E 
NUMERICAL DISTRIBUTED-PARAMETER MODELS OF GROUNDWATER SYSTEMS 
5.1 DISTRIBUTED-PARAMETER MODELS 
I n t h e v a r i o u s n u m e r i c a l model f o r m u l a t i o n s an 
at t e m p t i s made t o p r e d i c t t h e dependent v a r i a b l e s o v e r a 
r e g i o n c h a r a c t e r i s e d by p r o p e r t i e s s p e c i f i e d f o r a f i n i t e 
number of d i s c r e t e p o i n t s ( n o d e s ) or s u b - r e g i o n s ( e l e m e n t s ) . 
Where o n l y a few nodes or e l e m e n t s a r e us e d i n t h e 
r e p r e s e n t a t i o n t h e y may be c a l l e d lumped-parameter models. 
Where many s u b - r e g i o n s a r e c o n s i d e r e d t h e r e p r e s e n t a t i o n s a r e 
c a l l e d d i s t r i b u t e d p a r a m e t e r models. A l t h o u g h s i m i l a r 
f o r m u l a t i o n s a r e used f o r both t y p e s o f model, the f o r m a l use 
o f f i n i t e d i f f e r e n c e methods (FDM), f i n i t e element methods 
(FEM) and boundary i n t e g r a l e q u a t i o n or boundary e l e m e n t 
methods (BEM) i s o f t e n o n l y acknowledged i n the d i s t r i b u t e d -
p arameter c a s e . 
S o p h i s t i c a t e d d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l methods 
a r e w i d e l y u s e d i n groundwater f l o w and q u a l i t y models. 
A c c o r d i n g t o t h e r e v i e w o f P r i c k e t t ( 1 9 7 9 ) , FDM a r e most 
p o p u l a r b u t FEM a r e a l s o w i d e l y u s e d . A p p l i c a t i o n s o f BEM t o 
groundwater problems have o n l y r e c e n t l y a ppeared i n t h e 
l i t e r a t u r e . 
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5.2 F I N I T E DIFFERENCE METHOD (FDM) 
The FDM t e c h n i q u e r e p r e s e n t s t h e c o n t i n u o u s p a r t i a l 
d i f f e r e n t i a l e q u a t i o n s g o v e r n i n g f l o w and/or s o l u t e t r a n s p o r t 
i n a r e g i o n , by a s e t o f app r o x i m a t e d i f f e r e n c e e q u a t i o n s 
r e f e r r i n g t o a f i n i t e number o f d i s c r e t e p o i n t s i n t h e r e g i o n 
o f i n t e r e s t . The a p p r o x i m a t i o n s i m p l i c i t i n t h e d i s c r e t i z a t i o n 
p r o c e s s i n t r o d u c e e r r o r s and a v a r i e t y of schemes have been 
d e v i s e d t o m i n i m i z e and c o n t r o l t h e s e e r r o r s . Comprehensive 
d i s c u s s i o n s of t h e a p p l i c a t i o n o f t h e FDM t o groundwater 
problems a r e p r o v i d e d by Shamir and Harleman ( 1 9 6 7 ) , Remson e t 
a l (1971) and F r e e z e and C h e r r y ( 1 9 7 9 ) . A more d e t a i l e d 
m a t h e m a t i c a l background i s p r o v i d e d by many more g e n e r a l t e x t s 
s u c h as Ames ( 1 9 7 7 ) . 
A v a r i e t y o f schemes can be use d t o r e p r e s e n t t h e 
d e r i v a t i v e s i n t h e g o v e r n i n g e q u a t i o n s b u t t h e s e e v e n t u a l l y 
l e a d t o t h e r e d u c t i o n o f t h e problem t o one of o b t a i n i n g a 
s o l u t i o n t o a s e t of s i m u l t a n e o u s , l i n e a r , a l g e b r a i c e q u a t i o n s . 
Depending on t h e a p p r o x i m a t i o n u s e d f o r t h e 
d e r i v a t i v e s t h i s s e t o f e q u a t i o n s may be : 
( 1 ) e x p l i c i t - y i e l d t h e i r s o l u t i o n by d i r e c t 
s u b s t i t u t i o n , o r 
( 2 ) i m p l i c i t - r e q u i r e i n v e r s i o n f o l l o w e d by s u b s t i t u t i o n 
f o r t h e i r s o l u t i o n . 
A number o f s t a n d a r d methods a r e employed f o r the s o l u t i o n o f 
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t h e s e e q u a t i o n s i n c l u d i n g G a u s s - S e i d e l e l i m i n a t i o n (GSE) and 
s u c c e s s i v e o v e r r e l a x a t i o n ( S O R ) . 
A l l t h e v a r i o u s f o r m u l a t i o n schemes have a s s o c i a t e d 
w i t h them n u m e r i c a l s t a b i l i t y and c o n v e r g e n c e c h a r a c t e r i s t i c s 
d i s c u s s e d by Remson e t a l ( 1 9 7 1 ) , Rushton (1973) and Ames 
(1977) among o t h e r s . I n g e n e r a l , pure i m p l i c i t schemes a r e 
u n c o n d i t i o n a l l y s t a b l e whereas e x p l i c i t and s e m i - i m p l i c i t 
schemes s u c h as C r a n k - N i c h o l s o n , have s t a b i l i t y c r i t e r i a 
dependent on t h e s p a t i a l and t e m p o r a l d i s c r e t i z a t i o n i n t e r v a l s . 
The a l t e r n a t i n g d i r e c t i o n i m p l i c i t ( ADI) method p r o p o s e d by 
Peaceman and R a c h f o r d (1968) i s a scheme f r e q u e n t l y u t i l i s e d i n 
2-D groundwater models. 
I n t h e s o l u t i o n o f the d i s p e r s i o n - c o n v e c t i o n e q u a t i o n 
a phenomena c a l l e d 'smearing' can o c c u r where n u m e r i c a l 
d i s p e r s i o n t a k e s p l a c e as a r e s u l t o f the d i s c r e t i z a t i o n 
p r o c e s s . T h i s can be e l i m i n a t e d by u s i n g the w i d e l y a p p l i e d 
method o f c h a r a c t e r i s t i c s (MOC) t e c h n i q u e proposed by G a r d n e r 
e t a l ( 1 9 6 4 ) . 
The FDM has a long h i s t o r y o f a p p l i c a t i o n t o 
groundwater problems. V e r y many examples o f FDM a p p l i c a t i o n s t o 
p r a c t i c a l problems as w e l l as more t h e o r e t i c a l i n v e s t i g a t i o n s 
a r e documented i n t h e t e c h n i c a l l i t r a t u r e . 
I n w e l l h y d r a u l i c s , C o o l e y (1971) and Rushton ( 1 9 7 3 ) 
and Rushton and Booth (1976) compare a n a l y t i c a l and FDM 
s o l u t i o n s . Rushton and Chan ( 1 9 7 6 ) use t h e t e c h n i q u e t o 
s i m u l a t e inhomogeneous, a n i s o t r o p i c f l o w t o w e l l s . 
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I n r e g i o n a l a q u i f e r management, Reeves e t a l ( 1 974) 
d e s c r i b e a r e s o u r c e e v a l u a t i o n model f o r t h e T r i a s s i c 
s a n d s t o n e s i n the V a l e o f York and Oakes and S k i n n e r ( 1 9 7 7 ) 
d e s c r i b e a model f o r a s i m i l a r a q u i f e r t h e F y l d e a r e a of 
L a n c a s h i r e . Rushton and Tomlinson (1975) model t h e f i s s u r e d 
L i n c o l n s h i r e L i m e s t o n e a q u i f e r and Morel (1979) a p p l i e s t h e 
method t o t h e C h a l k of t h e Upper Thames b a s i n . Aguardo e t a l 
(1977) use t h e FDM to o p t i m i z e w e l l s p a c i n g s f o r a q u i f e r 
development. 
I n groundwater p o l l u t i o n , B r e d e h o e f t and P i n d e r 
(1973) i n v e s t i g a t e c h l o r i d e p o l l u t i o n i n G e o r g i a and Konikow 
and B r e d e h o e f t (1974) d i s c u s s s a l i n i t y o f g r o u n d w a t e r s i n 
C o l a r a d o . R o b e r t s o n (1977) r e p o r t s an a p p l i c a t i o n i n t h e 
c o n t r o l o f r a d i o a c t i v e w a s t e s i n Idaho and Konikow ( 1 9 7 6 ) 
models c h l o r i d e p o l l u t i o n from l i q u i d i n d u s t r i a l w a s t e s i n 
C o l o r a d o . G o r e l i c k e t a l (1979) model c h l o r i d e c o n t a m i n a t i o n 
from a r i v e r . L i n (1977) compares n u m e r i c a l and a n a l y t i c a l 
s o l u t i o n s o f t h e t r a n s i e n t c o n v e c t i o n - d i s p e r s i o n e q u a t i o n . 
5.3 F I N I T E ELEMENT METHOD (FEM) 
The FEM t e c h n i q u e s o l v e s t h e p a r t i a l d i f f e r e n t i a l 
e q u a t i o n s g o v e r n i n g f l o w and s o l u t e t r a n s p o r t i n a r e g i o n by 
f i n d i n g t h o s e v a l u e s o f the dependent v a r i a b l e s n e c e s s a r y t o 
m i n i m i s e an i n t e g r a l form o f t h e e q u a t i o n . The i n t e g r a l i s 
e v a l u a t e d by summing t h e c o n t r i b u t i o n f o r a f i n i t e number o f 
s u b - r e g i o n s o r e l e m e n t s . 
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The c o n c e p t s o f FEM a r e much more d i f f i c u l t t o 
u n d e r s t a n d t h a n t h e FDM c o n c e p t s . To a i d u n d e r s t a n d i n g FEM can 
be r e g a r d e d as a t e c h n i q u e f o r f i n d i n g t h e minimum p o t e n t i a l 
e n e r g y s y s t e m c o n s i s t e n t w i t h s o u r c e s , s i n k s and boundary 
c o n d i t i o n s . 
The i n t e g r a l form o f t h e g o v e r n i n g e q u a t i o n i s 
d e r i v e d by two a l t e r n a t i v e a p p r o a c h e s : 
( 1 ) V a r i a t i o n a l methods : u s i n g the p r i n c i p l e s o f 
v a r i a t i o n a l c a l c u l u s t o d e r i v e t h e f u n c t i o n a l w h i c h must be 
m i n i m i s e d f o r t h e v a l u e s o f t h e dependent v a r i a b l e t o be t h e 
r e q u i r e d n o n - t r i v i a l s o l u t i o n o f the g o v e r n i n g p a r t i a l 
d i f f e r e n t i a l e q u a t i o n . Such p r o c e d u r e s a r e known as R a y l e i g h -
R i t z methods. Neuman and W i t h e r s p o o n (1971) d e v e l o p a t y p i c a l 
v a r i a t i o n a l f o r m u l a t i o n f o r t r a n s i e n t 2D-groundwater f l o w . 
Guymon e t a l (1970) p r o v i d e an example of t h e development o f 
the 2 D - c o n v e c t i o n - d i s p e r s i o n e q u a t i o n s . 
( 2 ) Weighted r e s i d u a l methods : where t h e d i f f e r e n c e s 
( r e s i d u a l s ) between t h e r e q u i r e d s o l u t i o n and a t r i a l s o l u t i o n 
a r e s y s t e m a t i c a l l y e l i m i n a t e d . A w e i g h t i n g f u n c t i o n i s a p p l i e d 
t o t he n o d a l r e s i d u a l s and t h e sum o f t h e w e i g h t e d r e s i d u a l s i s 
m i n i m i s e d f o r e a c h e l e m e n t i n the r e g i o n . T h i s p r o c e d u r e 
c l e a r l y i n v o l v e s t h e m i n i m i s a t i o n o f a sum or i n t e g r a l as i n 
t h e v a r i a t i o n a l methods. Gray and P i n d e r ( 1 9 7 4 ) , f o r example, 
a p p l y a w e i g h t e d r e s i d u a l s method ( G a l e r k i n ' s p r o c e d u r e ) t o t h e 
e a s e of 2 D - t r a n s i e n t groundwater f l o w and an a p p l i c a t i o n t o t h e 
2 D - c o n v e c t i o n - d i s p e r s i o n e q u a t i o n i s d i s c u s s e d by S e g o l and 
P i n d e r ( 1 9 7 6 ) . 
B e c a u s e of t h e i r more g e n e r a l form and f l e x i b i l i t y , w e i g h t e d 
r e s i d u a l methods have been i n c r e a s i n g l y u s e d i n p r e f e r e n c e t o 
v a r i a t i o n a l forms. G a l e r k i n ' s p r o c e d u r e , w i d e l y u s e d i n 
groundwater FEM models, i s a p a r t i c u l a r w e i g h t e d r e s i d u a l 
method c h a r a c t e r i s e d by t h e way i n w h i c h t h e w e i g h t i n g f u n c t i o n 
i s c h o s e n . U n l i k e FDM, i n FEM the dependent v a r i a b l e i s 
r e p r e s e n t e d not o n l y a t n o d a l p o i n t s but o v e r t h e e n t i r e 
e l e m e n t or s u b - r e g i o n . T h i s i s a c h i e v e d by i n t e r p o l a t i o n from 
n o d a l v a l u e s ( w h i c h do n o t n e c e s s a r i l y bound the e l e m e n t 
c o n c e r n e d ) . The i n t e r p o l a t i o n f u n c t i o n i s c a l l e d a shape 
f u n c t i o n . I n G a l e r k i n x s p r o c e d u r e t h e w e i g h t i n g f u n c t i o n i s 
c hosen t o be t h e shape f u n c t i o n . 
E x t e n s i v e t e x t s have been w r i t t e n on FEM, n o t a b l y 
Z i e n k i e w i e z ( 1971) and D e s a i and A b e l ( 1 9 7 2 ) ; however, s p e c i f i c 
groundwater m o d e l l i n g a p p l i c a t i o n s a r e b e s t c o v e r e d by Remson 
e t a l (1971) and Gray and P i n d e r ( 1 9 7 9 ) . 
V a r i a t i o n a l and w e i g h t e d r e s i d u a l methods l e a d t o t h e 
r e d u c t i o n o f the problem t o one o f s o l v i n g a s e t a l i n e a r , 
s i m u l t a n e o u s a l g e b r a i c e q u a t i o n s . The methods o f s o l u t i o n 
a v a i l a b l e a r e t h e same as t h o s e f o r FDM f o r m u l a t i o n s and a l l 
t h e problems o f s t a b i l i t y , c o n v e r g e n c e and n u m e r i c a l d i s p e r s i o n 
a p p l y . The e x t e n t of s u c h problems and t h e d i f f e r e n c e s and 
s i m i l a r i t i e s between FDM and FEM w i l l be d i s c u s s e d f u r t h e r . 
L i k e FDM, FEM a l s o f i n d s w i d e s p r e a d employment i n 
groundwater m o d e l l i n g . However, r e l a t i v e l y few o f t h e FEM 
a p p l i c a t i o n s a r e p r a c t i c a l and t h e m a j o r i t y o f s t u d i e s 
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d e m o n s t r a t e t h e a v a i l a b i l t y o f t h e method r a t h e r t h a n i t s 
p r a c t i c a l a p p l i c a t i o n s . 
I n w e l l h y d r a u l i c s , J a v a n d e l and Witherspoon ( 1 9 6 9 ) 
d i s c u s s t h e a p p l i c a t i o n o f v a r i a t i o n a l methods and R e i l l y 
( 1976) and C h o r l e y and F r i n d ( 1978) compare FEM s i m u l a t i o n s 
w i t h a n a l y t i c a l s o l u t i o n s . 
I n c i v i l e n g i n e e r i n g , D e s a i ( 1 9 7 2 ) a n a l y s e s 2-D 
groundwater f l o w t h r o u g h e a r t h dams. 
I n r e g i o n a l a q u i f e r management, W i l s o n and H a m i l t o n 
(1978) d e s c r i b e an FEM model t o p r e d i c t t h e e f f e c t s o f o p e n c a s t 
m i n i n g on r e g i o n a l groundwater f l o w . 
I n groundwater p o l l u t i o n m o d e l l i n g , C h e r r y e t a l 
(19 73) u s e a 2-D model r a d i o a c t i v e w a s t e d i s p o s a l i n Manitoba 
and F r i n d and Verge (19 78) r e - e x a m i n e t h e same problem i n 3-D. 
Much FEM m o d e l l i n g has been c o n c e r n e d w i t h 
g e n e r a l i s e d r a t h e r t h a n s p e c i f i c p roblems. Smith e t a l (1973) 
d i s c u s s 2-D c o n v e c t i o n - d i s p e r s i o n and Gupta and T a n j i ( 1 9 7 6 ) 
i n v e s i g a t e t h e p o s s i b i l i t y o f 3-D models. F r a n g a k i s and 
Tzimopoulos ( 1 9 7 9 ) compare FDM and FEM t e c h n i q u e s f o r 2-D 
groundwater f l o w . Narasimhan e t a l (1978) r e v i e w t h e 
a p p l i c a t i o n o f FEM models t o a wide range of problems i n 
s u b s u r f a c e h y d r o l o g y . Futagami e t a l (1976) use FEM c o u p l e d 
w i t h l i n e a r programming i n a s u g g e s t e d management model f o r 
w a t e r p o l l u t i o n c o n t r o l . P i c k e n s and Lennox (1976) d i s c u s s a 
s e n s i t i v i t y a n a l y s i s f o r a 2-D s t e a d y - f l o w model o f t r a n s i e n t 
c o n v e c t i o n - d i s p e r s i o n . 
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5.4 BOUNDARY INTEGRAL EQUATION METHOD (BEM) 
The BEM t e c h n i q u e w i l l o n l y be b r i e f l y d i s c u s s e d 
s i n c e i t i s a r e l a t i v e l y new method and a t i t s p r e s e n t s t a g e o f 
development l a c k s t h e f l e x i b i l i t y t h a t has been a c h i e v e d by FDM 
and FEM. 
I n BEM, the problem o f s o l v i n g t h e g o v e r n i n g p a r t i a l 
d i f f e r e n t i a l e q u a t i o n s f o r t h e dependent v a r i a b l e s o v e r a 
r e g i o n i s r e d u c e d t o one w h i c h depends o n l y on t h e v a l u e s on 
th e boundary o f t he r e g i o n . T h i s has a v e r y l a r g e e f f e c t on t h e 
c o m p u t a t i o n a l e f f i c i e n c y o f t h e method s i n c e t h e a r i t h m e t i c 
r e q u i r e d f o r a 3-D boundary e l e m e n t model i s r o u g h l y t h a t f o r 
th e 2-D bounding s u r f a c e . BEM a l s o has t he a b i l i t y t o r e p r e s e n t 
b o u n d a r i e s a t i n f i n i t y w h i c h p r e s e n t s problems f o r FDM and FEM. 
H y b r i d BEM-FEM t e c h n i q u e s have been d e v e l o p e d t o t a k e a d v a n t a g e 
o f t h e f l e x i b i l i t y o f FEM and t h e boundary a t i n f i n i t y 
r e p r e s e n t a t i o n a f f o r d e d by BEM. I n common w i t h FDM and FEM, BEM 
f o r m u l a t e s a s e t o f l i n e a r , s i m u l t a n e o u s e q u a t i o n s w h i c h must 
be s o l v e d . A comprehensive i n t r o d u c t i o n t o t h e BEM t e c h n i q u e 
and i t s a p p l i c a t i o n s i s g i v e n by B r e b b i a ( 1 9 7 8 ) . 
A p p l i c a t i o n o f BEM t o groundwater m o d e l l i n g i s a 
growing a r e a o f r e s e a r c h and groundwater f l o w models have been 
p r e s e n t e d by L i u and L i g g e t ( 1978) and L i g g e t and L i u ( 1 9 7 9 ) . 
T hese p a p e r s i n d i c a t e t h e scope o f t h e t e c h n i q u e b ut do not 
d e s c r i b e examples o f i t s use f o r p r a c t i c a l problem s o l v i n g . 
Ross and K o p l i c k (1979) s i m i l a r l y i n d i c a t e how t h e method c a n 
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be a p p l i e d t o groundwater q u a l i t y m o d e l l i n g by r e p r e s e n t i n g a 
porous medium by a network o f s t r e a m t u b e s i n 1-D. 
The c o m p u t a t i o n a l c o n c i s e n e s s o f BEM o f f e r s r e a l 
scope f o r microcomputer a p p l i c a t i o n s and c l e a r l y an a r e a f o r 
f u r t h e r r e s e a r c h e x i s t s . 
5.5 LIMITATIONS OF NUMERICAL METHODS 
To be o f v a l u e i n groundwater s t u d i e s , i t i s 
n e c e s s a r y t o u n d e r s t a n d t h e problems and l i m i t a t i o n s i n h e r e n t 
i n t h e a p p l i c a t i o n o f n u m e r i c a l methods. B r e b b i a ( 1 9 7 8 ) 
e l e g a n t l y shows t h a t FDM, FEM and BEM can a l l be c o n s i d e r e d as 
w e i g h t e d r e s i d u a l methods f o r w h i c h v a r i o u s d e g r e e s o f 
f l e x i b i l i t y a r e p e r m i t t e d i n t h e c h o i c e of t h e w e i g h t i n g 
f u n c t i o n s . T h i s t r e a t m e n t i s a c o n v e n i e n t framework f o r t h e 
d i s c u s s i o n o f t h e g e n e r a l problems common t o n u m e r i c a l methods. 
A l l f o r m u l a t i o n s f i n a l l y r e q u i r e t h e s o l u t i o n o f a s e t o f 
l i n e a r , s i m u l t a n e o u s a l g e b r a i c e q u a t i o n s . The p r e c i s e form o f 
t h e s e e q u a t i o n s depends on t he p r o c e d u r e u s e d t o d e r i v e them 
but t h e i r s o l u t i o n r e q u i r e s : 
( 1 ) c o n v e r g e n c e : t r u n c a t i o n e r r o r s s h o u l d n o t be a l l o w e d 
t o grow i n an u n c o n t r o l l e d manner. 
( 2 ) s t a b i l i t y : u n s t a b l e n u m e r i c a l o s c i l l a t i o n s s h o u l d be 
e f f e c t i v e l y damped o u t . 
( 3 ) c o n s e r v a t i o n : w a t e r o r p o l l u t a n t s h o u l d be n e i t h e r 
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c r e a t e d nor d e s t r o y e d by n u m e r i c a l e r r o r s . 
( 4 ) no d i s s i p a t i o n : n u m e r i c a l d i s p e r s i o n due t o 
d i s c r e t i s a t i o n s h o u l d be p r e v e n t e d . 
( 5 ) a c c u r a c y : i n a d d i t i o n t o p r e v e n t i n g e r r o r s due t o 
t r u n c a t i o n and d i s c r e t i s a t i o n , i t i s n e c e s s a r y t h a t t h e 
s o l u t i o n o b t a i n e d i s a l s o f r e e from s y s t e m a t i c e r r o r s l e a d i n g 
t o i n a c c u r a c y . 
A c c u r a c y can be l o s t i n t h e f o r m u l a t i o n p r o c e d u r e and a 
s o l u t i o n can be c o n v e r g e n t , s t a b l e , c o n s e r v a t i v e , show no 
d i s s i p a t i o n b u t be i n a c c u r a t e b e c a u s e o f t h e f o r m u l a t i o n o f the 
s y s t e m o f l i n e a r e q u a t i o n s . A c c u r a c y i s a l s o a f u n c t i o n o f t h e 
p r e c i s i o n w i t h w h i c h t h e i n d e p e n d e n t v a r i a b l e s a r e r e p r e s e n t e d 
i n t h e model and i s c l o s e l y a l l i e d w i t h d a t a r e l i a b i l i t y . 
E x p l i c i t s o l u t i o n schemes r e q u i r e c a r e i n the c h o i c e 
o f t h e s p a t i a l and t e m p o r a l d i s c r e t i s a t i o n i n t e r v a l s t o e n s u r e 
s t a b i l i t y . Such schemes have t h e advantage of s i m p l i c i t y b u t 
t h e i r use i s r e s t r i c t e d b e c a u s e o f t h e s t a b i l i t y problems wh i c h 
a r e d i s c u s s e d a t l e n g t h by Shamir and Harleman (1967) and 
Rushton ( 1 9 7 3 ) among many o t h e r s . Haverkamp e t a l (1977) 
p r e s e n t e v i d e n c e s u g g e s t i n g t h a t e x p l i c i t methods a r e 
c o m p u t a t i o n a l l y i n e f f i c i e n t r e l a t i v e t o i m p l i c i t p r o c e d u r e s f o r 
e q u i v a l e n t a c c u r a c y . 
Pure i m p l i c i t s o l u t i o n schemes a r e u n c o n d i t i o n a l l y 
s t a b l e b ut t h e a c c u r a c y r e m a i n s a f u n c t i o n o f t h e chosen 
s p a t i a l and t e m p o r a l d i s c r e t i s a t i o n i n t e r v a l and t he 
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f o r m u l a t i o n p r o c e d u r e . Both Shamir and Harleman (1967) and 
Rushton (1973) p o i n t o u t t h e f a l l a c y o f a c c e p t i n g r e s u l t s from 
i m p l i c i t schemes w i t h o u t c h e c k i n g n u m e r i c a l a c c u r a c y . I m p l i c i t 
s o l u t i o n s a r e f a v o u r e d f o r t h e i r s t a b i l i t y - however l a r g e but 
s t a b l e o s c i l l a t i o n s can and do o c c u r . The p o p u l a r ADI scheme i s 
not immune from t h e s e problems but i s recommended by many 
a u t h o r s f o r i t s c o m p u t a t i o n a l e f f i c i e n c y . 
N u m e r i c a l d i s p e r s i o n or s m e a r i n g i s a problem found 
i n t h e s o l u t i o n o f the c o n v e c t i o n - d i s p e r s i o n e q u a t i o n . The 
problem a r i s e s from t h e a p p r o x i m a t i o n i n t h e d e r i v a t i v e s u s e d 
t o c a l c u l a t e t h e v e l o c i t y term. Two p r o c e d u r e s a r e u s e d t o 
r e d u c e or e l i m i n a t e t h e s m e a r i n g phenomenon : 
( 1 ) s e p a r a t i o n o f t h e c o n v e c t i o n and d i s p e r s i o n terms so 
t h a t t h e p r o c e s s e s a r e m o d e l l e d c o n s e c u t i v e l y r a t h e r than 
c o n c u r r e n t l y . T h i s t e c h n i q u e i n v o l v e s t h e method of 
c h a r a c t e r i s t i c s (MOC) and i s w i d e l y u s e d , f o r example by 
Konikow ( 1 9 7 6 ) . 
( 2 ) improvement o f t h e e s t i m a t e o f t h e s p a t i a l d e r i v a t i v e s 
u s e d t o g e n e r a t e t h e v e l o c i t y term. C h a u d h a r i ( 1 9 7 1 ) , f o r 
example, overcomes the problem by u s i n g a h i g h o r d e r f i n i t e 
d i f f e r e n c e scheme, i n c l u d i n g more terms i n t h e t r u n c a t e d T a y l o r 
s e r i e s . I n FEM schemes, c a r e i n the c h o i c e o f shape f u n c t i o n 
can r e d u c e t h e problem. 
D i s c r e t i s a t i o n e r r o r s can l e a d t o n u m e r i c a l 
i n a c c u r a c i e s and t h e c h o i c e o f n o d a l s p a c i n g s and time s t e p s i s 
a t r a d e - o f f between a c c e p t a b l e a c c u r a c y and c o m p u t a t i o n a l 
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e f f i c i e n c y . I t i s u s e f u l t o b e a r i n mind t h a t t h e a c c e p t a b l e 
a c c u r a c y may change o v e r t h e r e g i o n m o d e l l e d and t h a t 
a c c e p t a b l e n u m e r i c a l i n a c c u r a c y must be i n f l u e n c e d by t h e 
e r r o r s i n h e r e n t i n t h e d a t a f o r i n d e p e n d e n t v a r i a b l e s . 
N u m e r i c a l a c c u r a c y c a n n o t s u b s t i t u t e f o r d a t a 
r e l i a b i l i t y and models must be f o r m u l a t e d w i t h t h i s i n mind. 
F o r s e n s i t i v i t y a n a l y s e s and t h e o r e t i c a l s t u d i e s s u c h problems 
a r e n o t p r e s e n t but i n p r a c t i c a l , p r e d i c t i v e models no amount 
of m a t h e m a t i c a l r i g o u r w i l l c r e a t e o r improve t h e b a s i c d a t a 
a v a i l a b l e . 
C a l i b r a t i o n i s an i m p o r t a n t s t a g e i n a l l m o d e l l i n g 
e x e c i s e s . A g e n e r a l scheme f o r a c o u p l e d t r a n s i e n t f l o w -
c o n v e c t i o n - d i f f u s i o n model would p e r h a p s be : 
( 1 ) By i n v e r s i o n o r t r i a l and e r r o r f i n d a { T } , { S } and { q } 
v a l u e s n e c e s s a r y t o produce t h e o b s e r v e d dependent head 
d i s t r i b u t i o n ; 
( 2 ) By i n v e r s i o n or t r i a l and e r r o r f i n d a {D} 
d i s t r i b u t i o n n e c e s s a r y t o produce the o b s e r v e d dependent 
c o n c e n t r a t i o n d i s t r i b u t i o n . 
G i l l h a m and F a r v o l d e n ( 1 9 7 4 ) have p o i n t e d o u t t h e i n f i n i t y o f 
p o s s i b l e s o l u t i o n s i n s t e p ( 1 ) i f l i t t l e o r no f i e l d d a t a i s 
a v a i l a b l e and S e g o l and P i n d e r ( 1 9 7 6 ) r e p o r t t h a t p e r f e c t l y 
a c c e p t a b l e s o l u t i o n s f o r s t e p ( 1 ) t o t a l l y i n c o n s i s t e n t w i t h 
s t e p ( 2 ) a r e o b t a i n a b l e . The c a l i b r a t i o n p r o c e s s t e n d s t o be an 
i t e r a t i v e one i n w h i c h d i s t r i b u t i o n s f o r a l l t h e i n dependent 
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v a r i a b l e s a r e sought w h i c h a r e c o n s i s t e n t w i t h f i e l d e s t i m a t e s 
and o b s e r v a t i o n s o f t h e dependent v a r i a b l e s . A t t h e end of t h e 
c a l i b r a t i o n s t a g e , B i r t l e s and Reeves ( 1 9 7 7 ) recommend 
v a l i d a t i o n o f t h e model w i t h d a t a i n d e p e n d e n t o f t h e 
c a l i b r a t i o n d a t a s e t . P i l o t schemes or l a r g e s c a l e f i e l d t e s t s 
c a n be d e v i s e d t o f u l f i l l t h e v a l i d a t i o n r o l e . 
C a r e i n t h e f o r m u l a t i o n o f FEM meshes i s o f s p e c i a l 
c o n c e r n s i n c e t h e node and element o r d e r i n g schemes c r i t i c a l l y 
a f f e c t c o m p u t a t i o n a l e f f i c i e n c y . T h i s a r i s e s b e c a u s e o f t h e 
n u m e r i c a l a d v a n t a g e s o f i n v e r t i n g s p a r s e m a t r i c e s w i t h a narrow 
bandwidth. A c c u r a c y c a n a l s o be r e d u c e d by b a d l y o r d e r e d 
meshes. These problems e s c a l a t e when 3-D models a r e c o n s i d e r e d 
and s e p e r a t e programs f o r mesh g e n e r a t i o n and o p t i m i z a t i o n a r e 
o f t e n n e c e s s a r y i n s u c h c a s e s . 
C o s t s f o r r u n n i n g even e f f i c i e n t l a r g e FDM and FEM 
models a r e n o t i n s i g n i f i c a n t . Some rough e s t i m a t e s have been 
made b a s e d on p u b l i s h e d C PU/storage r e q u i r e m e n t s and e x p e r i e n c e 
g a i n e d d u r i n g t h i s s t u d y . A d j u s t m e n t s have been made t o 
e l i m i n a t e hardware d i f f e r e n c e s by s c a l i n g t o e q u i v a l e n t t i m e s 
on an IBM 3 70/168. I n August 1981 c o m m e r c i a l use o f an IBM 
3 70/168 was c o s t i n g 27p per CPU s e c . 
Comparisons a r e d i f f i c u l t b e c a u s e o f u n c e r t a i n t i e s i n program 
e f f i c i e n c i e s , computer o p e r a t i n g s y s t e m s , hardware 
c o m p a r a b i l i t y and many o t h e r f a c t o r s b u t t h e CPU time f i g u r e s 
and i m p l i e d c o s t s s h o u l d g i v e a t l e a s t an o r d e r o f magnitude 
g u i d e . 
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When comparing t h e r u n t i m e s o f v a r i o u s models, i t i s 
i m p o r t a n t t o have an i d e a o f t he speed o f e x e c u t i o n o f 
d i f f e r e n t c omputers. A l i n e a r r a t i n g s c a l e i s u s e d t o compare 
t h e p e r f o r m a n c e s and t h e v a l u e s u s e d were as f o l l o w s : 
Computer t y p e R a t i n g 
IBM 370/168 3250 
CDC 6500 1200 
IBM 360/75 950 
Burroughs B6700 475 
S o r c e r e r microcomputer 3 
Hence t h e IBM 360/75 i s c o n s i d e r e d t o be 
a p p r o x i m a t e l y t w i c e as f a s t as t h e Burroughs B6700 - s e e F r i n d 
and Verge ( 1 9 7 8 ) . O ther v a l u e s were g i v e n by t h e Computer U n i t 
a t Durham U n i v e r s i t y ( p e r s . com). The microcomputer f i g u r e i s 
d e r i v e d from t h e d i s c u s s i o n i n s e c t i o n 5.7. 
S t e a d y s t a t e models 
CPU t i m e / Computer Flow model R e f e r e n c e 
n o d e / i t e r 
(ms) 
4.9 360/75 2-D FEM s a t G i l l h a m & F a r v o l d e n (1974) 
22.5 360/75 3-D FEM u n s a t F r i n d & Verge ( 1 9 7 8 ) 
28.3 Burroughs 3-D FEM s a t Gupta & T a n j i (1976) 
68.3 370/168 2-D FEM u n s a t S e c t i o n 5.8 
T r a n s i e n t models 
CPU t i m e / Computer Flow model R e f e r e n c e 
n o d e / s t e p 
(ms) 
0 .7 S o r c e r e r 2 -D FDM s a t S e c t i o n 5.7 
2 .8 CDC 6500 2 -D FDM s a t D a v i s (1975) ( 4 ) 
0 .6 CDC 6500 2 -D FDM s a t D a v i s (1975) ( 4 ) 
0 .4 CDC 6500 2 -D FDM s a t D a v i s (1975) CD £2) 
0 .4 370/168 2 -D FDM s a t S e c t i o n 5.7 
18 .4 360/75 3 -D FEM s a t F r i n d & Verge (1978) 
8 . 3 360/75 3 -D FEM s a t F r i n d & Verge (1 9 7 8 ) 
2 .4 CDC 6500 2 -D FEM s a t D a v i s ( 1 9 7 5 ) ( 5 ) 
1 .1 CDC 6500 2 -D FEM s a t D a v i s (1975) ( 7 ) ( 8 ) 
0 .5 CDC 6500 2 -D FEM s a t D a v i s ( 1 9 7 5 ) C6) 
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( ) r e f e r s t o p a r t i c u l a r a l g o r i t h m r u n by D a v i s . 
A l l t i m e s a r e 370/168 e q u i v a l e n t s . 
From t h e above t a b l e i t can be se e n t h a t t y p i c a l 2-D 
s a t u r a t e d t r a n s i e n t f l o w models r e q u i r e about 1 ms CPU time p er 
node s t e p . 3-D models appear t o need an o r d e r of magnitude of 
time p e r node s t e p more. F o r s t e a d y s t a t e s a t u r a t e d 2-D f l o w 
models, about 5 ms p e r node s t e p i s r e q u i r e d . U n s a t u r a t e d f l o w 
and 3-D s t e a d y s t a t e models i n c r e a s e time r e q u i r e m e n t s by a 
f a c t o r o f 5 or 10. 
5.6 COMPARISON OF FDM AND FEM 
S i n c e FDM and FEM methods a r e v e r y w i d e l y u s e d an 
e v a l u a t i o n o f t h e i r c o m p a r a t i v e m e r i t s i n groundwater m o d e l l i n g 
i s i n d i c a t e d . 
FDM schemes a r e w i d e l y c r i t i c i s e d f o r t h e i r l a c k of 
f l e x i b i l i t y . T h i s c r i t i c i s m comes l a r g e l y from FEM proponents 
s i n c e FDM re m a i n s v e r y much t h e f a v o u r e d p r a c t i c a l t e c h n i q u e 
and many o f the i m p l i e d problems can be overcome. Smith e t a l 
( 1973) s u g g e s t t h a t i n f l e x i b i l i t y i n FDM schemes r e s u l t s i n 
r e d u c e d c o m p u t a t i o n a l e f f i c i e n c y r e l a t i v e t o FEM schemes. 
F r e e z e and C h e r r y (1979) among many o t h e r s p o i n t o u t t h a t FDM 
r e q u i r e s t h a t nodes be cho s e n on a r e c t a n g u l a r g r i d and f o r 
a n i s o t r o p y t o be m o d e l l e d , t h e g r i d axes must c o i n c i d e w i t h t h e 
p r i n c i p l e a x e s of a n i s o t r o p y . I f two a n i s o t r o p i c f o r m a t i o n s 
w i t h d i f f e r e n t p r i n c i p a l axes a r e p r e s e n t i n a f l o w f i e l d , FDM 
cannot be a p p l i e d . Guymon e t a l (1970) i n d i c a t e the problems of 
m o d e l l i n g c o n v e c t i o n and d i s p e r s i o n u s i n g FDM. The a n i s o t r o p y 
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o f d i s p e r s i v i t y o c c u r s normal and p a r a l l e l t o t h e f l o w v e l o c i t y 
v e c t o r , t h u s t h e g r i d a x e s must be r e a l i g n e d t o c o i n c i d e w i t h 
t h e d i s p e r s i v i t y a x e s . FDM e n c o u n t e r s d i f f i c u l t i e s i n 
r e p r e s e n t i n g f r e e - s u r f a c e s where t h e s p a t i a l p o s i t i o n of g r i d 
p o i n t s must be f l e x i b l e , hence D e s a i (1972) employs FEM f o r t h e 
s t u d y o f f l o w t h r o u g h e a r t h dams. 
These c r i t i c i s m s a r e w e l l founded and i n complex 
a n i s o t r o p i c m a t e r i a l s , f r e e - s u r f a c e problems and i n t r a n s i e n t 
c o u p l e d d i s p e r s i o n (where t h e p r i n c i p a l a x e s o f d i s p e r s i o n may 
r o t a t e ) FEM has a d v a n t a g e s . O t h e r o b j e c t i o n s t o FDM may be l e s s 
s e r i o u s . 
For example, t h e n o n - c o i n c i d e n c e o f p o i n t s o u r c e s and 
s i n k s w i t h g r i d p o i n t s i n d i c a t e d by Oakes e t a l (1975) and t h e 
i m p r e c i s e r e p r e s e n t a t i o n o f b o u n d a r i e s p o i n t e d o u t by Remson e t 
a l ( 1 9 7 1 ) a n d many o t h e r s , c a n be overcome s a t i s f a c t o r i l y i n 
most c a s e s by g r i d r e f i n e m e n t t e c h n i q u e s s u c h as t h o s e used by 
B i r t l e s and Reeves ( 1 9 7 7 ) . I n many groundwater problems t h e 
p r e c i s i o n w i t h w h i c h t h e h y d r o g e o l o g i c a l boundary i s known i s 
l i k e l y t o l e a d t o much l a r g e r e r r o r s t h a n t h e n u m e r i c a l e r r o r s 
i n d u c e d by i m p r e c i s e l o c a t i o n . 
Many would argue t h a t what FDM l o s e s i n f l e x i b i l i t y 
and c o m p u t a t i o n a l i n e f f i c i e n c y r e l a t i v e t o FEM and BEM, i t 
g a i n s i n c o n c e p t u a l s i m p l i c i t y and u s e r f a m i l i a r i t y . FDM 
programs t e n d t o be e a s i e r t o 'debug' and more r a p i d t o d e v e l o p 
b e c a u s e o f t h e more d i r e c t l i n k w i t h t h e form o f t he g o v e r n i n g 
p a r t i a l d i f f e r e n t i a l e q u a t i o n . A l t h o u g h FDM can be shown t o be 
c o m p u t a t i n a l l y i n e f f i c i e n t r e l a t i v e t o FEM i n some 
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c i r c u m s t a n c e s , i n s t u d i e s r e p o r t e d by Emery and C a r s o n (1971) 
and P i n d e r and F r i n d ( 1 9 7 2 ) , FDM was both f a s t e r and more 
c o n c i s e f o r e q u i v a l e n t a c c u r a c y . 
FEM g a i n s i n f l e x i b i l i t y a r e not w i t h o u t c o s t . 
F l e x i b i i t y r e q u i r e s t h a t shape ( o r i n t e r p o l a t i o n ) f u n c t i o n s 
become more s o p h i s t i c a t e d and hence the r e s u l t i n g s e t o f 
e q u a t i o n s t o be s o l v e d p r e s e n t more problems w i t h r e g a r d t o 
n u m e r i c a l e r r o r s i n t h e i r s o l u t i o n . The p e r m i s s i b l e s h a p e s f o r 
e l e m e n t s a r e r a t h e r l i m i t e d when a c c u r a c y i s r e q u i r e d and i n 
FEM mesh d e s i g n r e q u i r e s as much i f not more s k i l l t h a n FDM 
g r i d d e s i g n . T h i s problem was found by F r i n d and Verge ( 1 9 7 8 ) 
t o be p a r t i c u l a r l y d i f f i c u l t i n u n s a t u r a t e d - s a t u r a t e d zone 
models. FDM g r i d s a r e r e c t a n g u l a r and hence n o d a l c o - o r d i n a t e s 
a r e e a s i l y c a l c u l a t e d and e r r o r s r a r e l y o c c u r . On the o t h e r 
hand, e r r o r s i n mesh node c o - o r d i n a t e s f o r complex FEM meshes 
a r e a s e r i o u s s o u r c e o f e r r o r r e p o r t e d by P i n d e r and F r i n d 
(1972) and overcoming t h i s problem i n v o l v e s f u r t h e r 
c o m p u t a t i o n a l or manual e f f o r t . 
A u s e f u l a s s e s s m e n t o f v a r i o u s FDM and FEM was made by 
D a v i s ( 1 9 7 5 ) , who compared the p e r f o r m a n c e s o f d i f f e r e n t 
f o r m u l a t i o n s t o a s e t o f s i m p l e t r a n s i e n t f l o w problems, f o r 
w h i c h a n a l y t i c a l s o l u t i o n s were a v a i l a b l e . He c o n c l u d e d t h a t 
g i v e n s m a l l enough time s t e p or mesh ( g r i d ) s p a c i n g , a l l 
methods would g i v e r i s e t o a c c u r a t e r e s u l t s . Methods i n v o l v i n g 
no m a t r i x r e d u c t i o n were c o m p a r i t i v e l y i n e x p e n s i v e and posed no 
problems i n c h a n g i n g { S } , { T } or even t h e time i n t e r v a l from 
s t e p t o s t e p . The e f f i c i e n c y o f a l l methods i n v o l v i n g m a t r i x 
r e d u c t i o n c o u l d be o p t i m i z e d by c a r e f u l node numbering i n o r d e r 
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t o m i n i m i z e t h e m a t r i x bandwidth. T r i a l and e r r o r f i t s of t h e 
b e s t g r i d or mesh s i z e were e s s e n t i a l t o o b t a i n optimum 
r e s u l t s . 
I n summary, when s e l e c t i n g between FDM and FEM 
t e c h n i q e s i t i s worth b e a r i n g t h e f o l l o w i n g p o i n t s i n mind : 
( 1 ) F o r f r e e - s u r f a c e problems and problems where s e v e r a l 
s e t s of axes or r o t a t i n g a x e s o f a n i s o t r o p y a r e p r e s e n t , FEM 
has the r e q u i r e d f l e x i b i l i t y . 
( 2 ) F o r c o n c e p t u a l s i m p l i c i t y c o u p l e d w i t h s i m p l i f i e d 
program w r i t i n g and development FDM i s s u p e r i o r . 
( 3 ) I n terms of c o m p u t a t i o n a l e f f i c i e n c y f o r e q u i v a l e n t 
a c c u r a c y , the r e p o r t s i n t h e l i t e r a t u r e a r e ambiguous. I t seems 
t h a t FEM i s f a v o u r e d as model c o m p l e x i t y i n c r e a s e s . 
( 4 ) The s u r v e y o f P r i c k e t t (1979) and t h e i m p r e s s i o n 
g a i n e d from r e v i e w i n g the r e c e n t l i t e r a t u r e s u g g e s t s t h a t 
p r a c t i c a l m o d e l l e r s s e l e c t FDM u n l e s s t h e i n f l e x i b i l i t i e s o f 
the method p r e v e n t i t s u s e . 
5.7 EXPERIMENTS WITH FDM MODELS 
A model d e v e l o p e d by R a n k i n e ( 1 9 8 0 ) , b a s e d on an 
o r i g i n a l program by P i n d e r (1970) was u s e d t o o b t a i n t y p i c a l 
run t i m e s on an IBM 370/168 mainframe computer. I n a d d i t i o n , 
t h e o r i g i n a l program w r i t t e n by P i n d e r was r e w r i t t e n i n BASIC 
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t o run on an 8 - b i t microcomputer i n o r d e r t o compare t h e run 
ti m e s f o r e q u i v a l e n t programs. Both programs t h u s use i d e n t i c a l 
ADI a l g o r i t h m s t o s e t up and s o l v e t h e e q u a t i o n s o f fl o w and 
d i f e r o n l y i n i n p u t / o u t p u t s t a t e m e n t s and where language 
d i f f e r e n c e s f o r c e minor changes i n s y n t a x . 
The FORTRAN v e r s i o n r u n on an IBM 3 70/168 r e q u i r e s 
about 0.4 m i l l i s e c o n d s CPU/time s t e p / n o d e . The BASIC v e r s i o n 
run on a Z80A-based microcomputer r e q u i r e s about 800 
m i l l i s e c o n d s CPU/time s t e p / n o d e . Hence t h e mainframe i s f a s t e r 
by about a f a c t o r o f about 4000 assuming t h e microcomputer 
a r i t h m e t i c p r e c i s i o n i s a c c e p t a b l e . A l a t e r a t t e m p t a t r u n n i n g 
a BASIC v e r s i o n o f the program on the mainframe s u g g e s t e d t h a t 
a f a c t o r o f 1000 would be a f a i r e r c o m p a r i s o n . 
Comparisons b a s e d on CPU time a r e r a t h e r m i s l e a d i n g 
f o r m i c r o c o m p u t e r s v e r s u s t i m e - s h a r e d m a i n f r a m e s . Comparisons 
b a s e d on t u r n - a r o u n d time ( t h e time between u s e r s u b m i s s i o n o f 
the j o b and i t s r e t u r n ) a r e much more m e a n i n g f u l . On t h i s 
b a s i s , i f t h e NUMAC (Northumbrian U n i v e r s i t i e s M u l t i p l e A c c e s s 
Computer) t i m e - s h a r i n g s y s t e m i s t y p i c a l , e l a p s e d time ( a c t u a l 
j o b run t i m e ) i s on a v e r a g e about 10 t i m e s t h e CPU ti m e . F o r 
j o b s run from t e r m i n a l i n busy p e r i o d s (10.00-18.00 h o u r s ) t h i s 
f a c t o r c a n r i s e t o 100. I n a d d i t i o n a d e l a y o f r o u g h l y 30 
minu t e s i s i n v o l v e d i n t h e r e t u r n o f h a r d copy o u t p u t . F o r 
b a t c h - p r o c e s s e d j o b s , d e l a y s depend on t h e CPU r e q u i r e m e n t and 
i t i s v i r t u a l l y i m p o s s i b l e t o have a j o b r e q u i r i n g more than 64 
CPU seco n d s run between 10.00 and 18.00 h o u r s . 
I n summary, t h e NUMAC IBM 3 70/16 8 mainframe computer 
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o p e r a t i n g t i m e - s h a r i n g i s i n t r i n s i c a l l y about 1000 t i m e s f a s t e r 
t h a n t h e S o r c e r e r m i c rocomputer. D e l a y s i n r e t u r n o f o u t p u t 
from t h e mainframe mean t h a t t h e d e d i c a t e d microcomputer i s 
f a s t e r f o r problems o f l e s s t h a n about 200 n o d e - s t e p s . 
A d d i t i o n a l o v e r h e a d s d u r i n g mainframe busy p e r i o d s between 
10.00 and 18.00 hours e x t e n d t h e s i z e of t h e problem f o r w h i c h 
the m icrocomputer can be e f f e c t i v e l y used t o perhaps 500 node-
s t e p s . 
The time t o 'debug' and adapt t h e FORTRAN v e r s i o n o f 
the program t o run on t h e IBM 3 70/168 was 2 t o 3 t i m e s t h a t 
r e q u i r e d t o p r e p a r e t h e BASIC program on t h e microcomputer 
r e f l e c t i n g t h e ad v a n t a g e s o f a d e d i c a t e d machine and an 
i n t e r p r e t i v e r a t h e r than c o m p i l i n g l a n g u a g e . T h i s advantage i s 
s i g n i f i c a n t i f models a r e not t o be use d f o r e x t e n s i v e 
' p r o d u c t i o n r u n s ' s i n c e what i s g a i n e d on run time can be 
e a s i l y l o s t i n development t i m e . 
D a t a p r e p a r a t i o n and i n p u t time r e q u i r e m e n t s f o r both 
FORTRAN and BASIC programs were s i m i l a r i f advantage was t a k e n 
o f t h e d i s t r i b u t e d - p a r a m e t e r f a c i l i t i e s and p a r a m e t e r s and 
v a r i a b l e s s p e c i f i e d f o r e a c h i n d i v i d u a l node. I n i t i a l 
p r e p a r a t i o n t i m e s of 1-2 minutes p e r node f o r a new mesh a r e 
r e a l i s t i c f o r ' r e a l ' r a t h e r t h a n i d e a l i z e d problems even f o r 
the e x p e r i e n c e d u s e r . D a t a i n p u t f o r s i m p l i f i e d problems was 
v e r y much f a s t e r u s i n g i n t e r a c t i v e microcomputer BASIC programs 
than mainframe FORTRAN. 
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5.8 EXPERIMENTS WITH FEM MODELS 
A model b a s e d on t h e program d e v e l o p e d by Amend 
(1975) was a d a p t e d t o run on t h e NUMAC IBM 370/168 i n o r d e r t o 
i n v e s t i g a t e t h e r u n t i m e , development time and d a t a p r e p a r a t i o n 
t i m e . 
F a i r l y major m o d i f i c a t i o n s o f t h e program were 
r e q u i r e d t o t h e m e s h - r e g e n e r a t i o n r o u t i n e s t o make t h e model 
f i n d t h e p h r e a t i c s u r f a c e f o r an a r b i t a r y i n i t i a l mesh. 
Development time t o adapt an o r i g i n a l FORTRAN program t o t h e 
IBM 3 70/168 was s i m i l a r t o t h a t f o r t h e f i n i t e d i f f e r e n c e 
program d i s c u s s e d i n S e c t i o n 5.7. D a t a p r e p a r a t i o n and i n p u t 
t i m e s were a l s o c o m p a r a b l e . 
As f a r as t h e u s e r i s c o n c e r n e d , t h e problems o f 
a d a p t i n g and r u n n i n g e x i s t i n g FDM and FEM s o f t w a r e on mainframe 
and m i c r o c o m p u t e r s a r e v e r y s i m i l a r . I n both c a s e s , the 
development and debugging time may be l a r g e compared t o t h e 
' p r o d u c t i o n t i m e ' u n l e s s an e x t e n s i v e s e r i e s o f r u n s a r e 
a n t i c i p a t e d . Under s u c h c i r c u m s t a n c e s , microcomputer 
i m p l i m e n t a t i o n may have a t t r a c t i o n s e s p e c i a l l y i f s m a l l (<200 
n o d e - s t e p s ) models a r e i n v o l v e d . 
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CHAPTER S I X 
LUMPED-PARAMETER NUMERICAL MODELS OF GROUNDWATER SYSTEMS 
6.1 LUMPED-PARAMETER MODELS 
A l t h o u g h p a r t i a l d i f f e r e n t i a l e q u a t i o n s d e s c r i b i n g 
t h e f l o w o f w a t e r and t r a n s p o r t of p o l l u t a n t s t h r o u g h porous 
media on a m a c r o s c o p i c s c a l e a r e known, l a c k o f adequate d a t a 
s e v e r e l y l i m i t s t h e a c c u r a c y o f any p r a c t i c a l p r e d i c t i o n s made 
by a p p l i c a t i o n o f t h e s e e q u a t i o n s . As a r e s u l t o f t h e d a t a 
l i m i t a t i o n s , doubt can be c a s t on t h e a c c u r a c y , p r a c t i c a l v a l u e 
and, i n p a r t i c u l a r , c o s t e f f e c t i v e n e s s o f l a r g e s o p h i s t i c a t e d 
d i s t r i b u t e d - p a r a m e t e r models. I n many c a s e s , i t c a n be argued 
t h a t v e r y s i m p l e models would e n a b l e e q u a l l y v a l i d c o n c l u s i o n s 
to be drawn. 
Lumped-parameter models br e a k t h e groundwater s y s t e m 
down i n t o a few s u b - u n i t s w i t h a v e r a g e p r o p e r t i e s , t a k i n g 
advantage o f as much d a t a a s i s a v a i l a b l e . S p a t i a l v a r i a t i o n s 
i n t h e dependent v a r i a b l e s a r e not p r e d i c t e d b u t v e r y l a r g e 
s c a l e b e h a v i o u r can be s i m u l a t e d much more c h e a p l y and 
a r g u e a b l y , w i t h e q u a l a c c u r a c y , compared w i t h s o p h i s t i c a t e d 
d i s t r i b u t e d - p a r a m e t e r methods. 
The a p p l i c a t i o n o f lumped-parameter models of 
groundwater s y s t e m s has been l a r g e l y n e g l e c t e d and t h e r e has 
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been a marked t e n d e n c y t o use d i s t r i b u t e d - p a r a m e t e r models i n 
s i t u a t i o n s where t h e i r a p p l i c a t i o n was n e i t h e r n e c e s s a r y nor 
c o s t e f f e c t i v e . 
6.2 LUMPED-PARAMETER MODELS OF GROUNDWATER FLOW 
The most b a s i c lumped-parameter of a l l i n h y d r o l o g y 
i s t h e well-known catchment w a t e r budget e q u a t i o n f o r a 
catchment : 
p = E + 0 + G - D 
where P i s t h e c a tchment p r e c i p i t a t i o n , 
E i s t h e c a tchment e v a p o t r a n s p i r a t i o n , 
Q i s t h e c a tchment s u r f a c e w a t e r r e c h a r g e , 
G i s t h e c a tchment groundwater r e c h a r g e , 
and D i s t h e catchment t o t a l d i s c h a r g e . 
Most catchment models a t t e m p t t o f i n d D and t h e e q u a t i o n i s 
th u s w r i t t e n : 
D = P - ( E + Q + G ) ( 6 . 2 ) 
I n t h e s i m p l e s t models i t i s assumed t h a t ( E + Q + G) can be 
e x p r e s s e d as a f u n c t i o n o f P and hence t h a t a 'b l a c k - b o x ' 
t r a n s f o r m a t i o n can be u s e d t o c o n v e r t t h e p r e c i p i t a t i o n t i m e -
s e r i e s i n t o t h e catchment d i s c h a r g e r e c o r d . T h i s i s t h e 
e f e c t i v e a s s u m p t i o n o f t h e famous u n i t - h y d r o g r a p h c o n c e p t o f 
Sherman ( 1 9 3 2 ) . The form o f t h e n e c e s s a r y f u n c t i o n i s 
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d e t e r m i n e d by a n a l y s i s of p a s t p r e c i p i t a t i o n and d i s c h a r g e 
r e c o r d s . 
I m p l i c i t i n t h i s e m p i r i c a l p r o c e d u r e i s the 
a s s u m p t i o n t h a t c u r r e n t d i s c h a r g e i s a f u n c t i o n o f p a s t 
p r e c i p i t a t i o n and t h a t t h e r e f o r e t h e s y s t e m has some s t o r a g e 
c h a r a c t e r i s t i c s . A v e r y s i m p l e a s s u m p t i o n made about catchment 
s t o r a g e i s t h a t i t i s a w e i g h t e d f u n c t i o n of r e c h a r g e (R = Q + 
G) and d i s c h a r g e (D) : 
s = c . ( x . R + ( l - x ) . D ) ( 6 . 3 ) 
where s i s t h e c atchment s t o r a g e , 
c i s a s t o r a g e c o n s t a n t w i t h d i m e n s i o n ( T ) , 
and x i s a d i m e n s i o n l e s s w e i g h t i n g f a c t o r . 
T h i s e q u a t i o n , t o g e t h e r w i t h t h e f a c t t h a t t h e f i r s t d e r i v a t i v e 
o f s w i t h r e s p e c t t o time i s R - D, forms t h e b a s i s o f t h e 
r o u t i n g e q u a t i o n p r e s e n t e d by Muskingum ( 1 9 4 0 ) . 
Lumped-parameter catchment models a r e v e r y w i d e l y 
u s e d i n s u r f a c e w a t e r f l o w p r e d i c t i o n a t y p i c a l example b e i n g 
t h e ' S t a n f o r d W a t ershed Model' d e s c r i b e d by C r a w f o r d and 
L i n s l e y ( 1 9 6 6 ) . The p a r a m e t e r s i n s u c h models a r e d e t e r m i n e d by 
the c a l i b r a t i o n p r o c e d u r e and o f t e n c a n n o t be d i r e c t l y r e l a t e d 
t o a f i e l d measurement or o b s e r v a t i o n . Such models have 
p r o v i d e d r a p i d and r e l i a b l e s u r f a c e f l o w p r e d i c t i o n s but, 
b e c a u s e o f t h e i r e m p i r i c a l n a t u r e , t h e y a r e u n a b l e t o p r e d i c t 
g r o u n d w a t e r - s u r f a c e w a t e r i n t e r a c t i o n s . 
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T h i s problem i s overcome by use o f more r e a l i s t i c 
lumped-parameter models o f s u b - s u r f a c e f l o w . G e l h a r and W i l s o n 
(1974) p o i n t o u t the r e l a t i o n s h i p between groundwater 
p a r a m e t e r s and the e m p i r i c a l p a r a m e t e r s o f the ' l i n e a r 
r e s e r v o i r s ' u s e d i n many catchment f l o w p r e d i c t i o n models. The 
l i n e a r r e s e r v o i r assumes t h a t t h e d i s c h a r g e i s p r o p o r t i o n a l t o 
the s t o r a g e w h i c h i n t u r n depends on t h e head ( h ) . F o r s u b -
h o r i z o n t a l ( D u p u i t ) f l o w between a b a r r i e r and d i s c h a r g e 
boundary ( a t head h ' ) , G e l h a r and W i l s o n ( 1 9 7 4 ) show t h a t : 
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D = ( 3 T / ( L ) . ( h - h') ( 6 . 4 ) 
where T i s t h e a q u i f e r t r a n s m i s s i v i t y 
and L i s a c h a r a c t e r i s t i c l e n g t h o f the a q u i f e r . 
C o n t i n u i t y r e q u i r e s t h a t t h e change i n s t o r a g e o f t h e s y s t e m i s 
e q u a l t o t h e n e t i n f l o w , t h u s : 
R - D = S.dh/dt ( 6 . 5 ) 
where S i s t h e a q u i f e r s t o r a g e c o e f f i c i e n t 
E q u a t i o n s ( 6 . 4 ) and ( 6 . 5 ) p r o v i d e a lumped-parameter model f o r 
e s t i m a t i n g t h e d i s c h a r g e from a groundwater s y s t e m g i v e n t h e 
r e c h a r g e . 
B i r t l e s and Reeves (1977) s u g g e s t t h e i n c o r p o r a t i o n 
o f a more r e a l i s t i c lumped-parameter groundwater s t o r a g e 
e l e m e n t i n v o l v i n g v e r t i c a l and h o r i z o n t a l f l o w . The model 
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s i m u l a t e s 1-D h o r i z o n t a l and v e r t i c a l f l o w u s i n g an e x p l i c i t 
f i n i t e d i f f e r e n c e f o r m u l a t i o n and r e q u i r e s p a r a m e t e r s d i r e c t l y 
r e l a t e d t o a v e r a g e { T } and { S } v a l u e s f o r a l i m i t e d number of 
catchment s u b - u n i t s . I n e s s e n c e , t h e model i s t h e same as t h a t 
o f G e l h a r and W i l s o n ( 1 9 7 4 ) . R a p i d r u n o f f can be s i m u l a t e d by 
i n c o r p o r a t i n g h i g h { T } , low { S } s u b - u n i t s . The model i s 
dem o n s t r a t e d by s i m u l a t i o n o f f l o w s i n t h e groundwater 
dominated R i v e r H u l l c atchment and i t ' s p e rformance i s compared 
w i t h a 900-node d i s t r i b u t e d - p a r a m e t e r model f o r a T r i a s s i c 
s a n d s t o n e c a t c h m e n t . 
6.3 LUMPED-PARAMETER MODELS OF GROUNDWATER QUALITY 
The v a l u e o f lumped-parameter models i n t h i s c o n t e x t 
has been r e c e n t l y r e v i e w e d by G e l h a r ( 1 9 7 6 ) . S o l u t e t r a n s p o r t 
models a r e b a s e d on a mass b a l a n c e e q u a t i o n o f t h e form : 
c. d v / d t + v . d c / d t = c'.v' - c".v" ( 6 . 6 ) 
where c ,v i s t h e s o l u t e c o n c e n t r a t i o n and volume, 
c',v' i s t h e n e t i n f l o w c o n c e n t r a t i o n and volume, 
and c " , v " i s t h e n e t o u t f l o w c o n c e n t r a t i o n and volume. 
I f t r a n s p o r t i s c o n s i d e r e d under s t e a d y f l o w c o n d i t i o n s , then 
the f i r s t term on t h e l e f t hand s i d e v a n i s h e s ( s i n c e t h e volume 
w i l l be i n v a r i e n t ) . The i n f l o w and o u t f l o w terms on t h e r i g h t 
hand s i d e may i n c l u d e : 
( 1 ) c o n v e c t i v e i n f l o w s and o u t f l o w s , 
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( 2 ) d i s p e r s i v e g a i n s and l o s s e s , 
( 3 ) r e c h a r g e and d i s c h a r g e s o u r c e s and s i n k s . 
Lumped-parameter q u a l i t y models d i v i d e t h e 
groundwater s y s t e m i n t o a few c e l l s . G e l h a r and W i l s o n (1974) 
i n a model t o p r e d i c t a q u i f e r p o l l u t i o n due t o r o a d s a l t i n g , 
use a s i n g l e c e l l and assume p e r f e c t m i x i n g o f a l l s o u r c e s . 
Mercado (1976) and C e n t r a l Water P l a n n i n g U n i t ( 1976) make 
s i m i l a r a s s u m p t i o n s f o r n i t r a t e movement models c o n c e r n e d w i t h 
i r r i g a t i o n and r e g i o n a l p o l l u t i o n r e s p e c t i v e l y . Both models 
t r e a t n i t r a t e as a n o n - c o n s e r v a t i v e s p e c i e s , t h a t i s , t h e 
n i t r a t e p r e s e n t i n t h e s y s t e m d e c a y s w i t h t i m e . I n t h e model 
d e s c r i b e d by Mercado ( 1 9 7 6 ) , c h l o r i d e and n i t r a t e t r a n s p o r t i s 
c o n s i d e r e d , t h e c h l o r i d e i o n b e i n g t r e a t e d as c o n s e r v a t i v e , 
t h a t i s , no decay w i t h t i m e . Thomas e t a l (1972) use a lumped 
p a r a m e t e r w a t e r q u a l i t y i n c o n j u n c t i o n w i t h an e l e c t r i c a l 
a n alogue f l o w model. S o l u t i o n - p r e c i p i t a t i o n r e a c t i o n s a r e 
m o d e l l e d u s i n g s o l u b i l i t y p r o d u c t d a t a . 
No m u l t i p l e - c e l l lumped-parameter groundwater q u a l i t y 
models were found i n t h e l i t e r a t u r e and c o n v e c t i v e - d i s p e r s i v e 
i n f l o w s and o u t f l o w s do n o t seem t o have been c o n s i d e r e d . 
6.4 APPLICATIONS OF LUMPED-PARAMETER MODELS 
Lumped-parameter models have been r e l a t i v e l y l i t t l e 
u s e d i n groundwater m o d e l l i n g b u t h o l d c o n s i d e r a b l e a t t r a c t i o n s 
i n s y s t e m a n a l y s i s and management s i m u l a t i o n s . The p r i n c i p a l 
a r e a s where t h e i r a p p l i c a t i o n c o u l d be v a l u a b l e i n c l u d e : 
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( 1 ) P r e l i m i n a r y models : where d a t a i s s p a r s e and 
app r o x i m a t e p r e d i c t i o n s o f f l o w s and w a t e r q u a l i t y a r e 
r e q u i r e d , p a r t i c u l a r l y f o r s y s t e m s too complex f o r a n a l y t i c a l 
models. 
( 2 ) Long-term s i m u l a t i o n s : where d i s t r i b u t e d p a r a m e t e r 
methods can prove v e r y e x p e n s i v e . Lumped-parameter models may 
be c a l i b r a t e d by more s o p h i s t i c a t e d models. 
( 3 ) Complex i n t e r a c t i v e s y s t e m s models : where i n t e r a c t i o n 
between two or more s u b - s y s t e m s i s i n v o l v e d . Examples c o u l d 
i n c l u d e : 
( a ) g r o u n d w a t e r - s u r f a c e w a t e r f l o w i n t e r a c t i o n s , 
(b) a g r i c u l t u r e - g r o u n d w a t e r q u a l i t y i n t e r a c t i o n s , 
( c ) r o c k m a t r i x s o l u t i o n - p e r m e a b i l i t y i n t e r a c t i o n s . 
The a p p l i c a t i o n s a r e e s s e n t i a l l y l o n g - t e r m , complex i n t e r a c t i v e 
problems where d a t a i s s p a r s e . 
6.5 LIMITATIONS OF LUMPED-PARAMETER MODELS 
As w i t h o t h e r m o d e l l i n g t e c h n i q u e s , lumped-parameter 
models have t h e i r d i s a d v a n t a g e s . The main l i m i t a t i o n s a r e : 
(1 ) l a c k o f d e t a i l : s p a t i a l p a t t e r n s o f drawdown and 
p o l l u t i o n plumes a r e not a t t e m p t e d and t h u s p r e d i c t i o n s f o r 
i n d i v i d u a l l o c a l i t i e s c a n n o t be made. P o i n t p o l l u t i o n s o u r c e s 
and i n d i v i d u a l w e l l s a r e not r e p r e s e n t e d . 
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( 2 ) a p p r o x i m a t i o n o f s y s t e m s : i n common w i t h a n a l y t i c a l 
models, t h e s y s t e m under i n v e s t i g a t i o n i s i d e a l i s e d and 
app r o x i m a t e d . I n some c a s e s , t h e v a r i a b i l i t y o f a r e g i o n may be 
so g r e a t as t o r u l e o u t t h e lumped-parameter 'average' 
a p p r o x i m a t i o n . 
( 3 ) o v e r e l a b o r a t i o n : as more and more lumped-parameter 
c e l l s a r e added t o a model, t h e d i f f i c u l t i e s a s s o c i a t e d w i t h 
d i s t r i b u t e d - p a r a m e t e r models grow and t h e a d v a n t a g e s o f t he 
lumped-parameter t e c h n i q u e a r e l o s t . P r o v i d i n g f o r c o n t i n u i t y 
between model c e l l s e v e n t u a l l y g r a d e s i n t o d i s t r i b u t e d -
p a r a meter t e c h n i q u e s . 
Lumped-parameter models a r e a t t e m p t s t o s i m u l a t e l a r g e - s c a l e , 
l o n g - t e r m s y s t e m b e h a v i o u r i n v o l v i n g g r o s s s i m p l i f i c a t i o n and 
l o s s o f d e t a i l i n o r d e r t o examine g e n e r a l t r e n d s and pa r a m e t e r 
i n t e r a c t i o n s . 
6.6 EXPERIMENTS WITH LUMPED-PARAMETER MODELS 
A lumped-parameter groundwater f l o w and s o l u t e 
t r a n s p o r t model was d e v e l o p e d f o r i n t e r a c t i v e use on a d e s k t o p 
m i c r o c o m p u t e r . The model i s c o n c e p t u a l l y s i m i l a r t o t h o s e 
d e v e l o p e d by G e l h a r and W i l s o n (1974) and B i r t l e s and Reeves 
(1977) and i s d e v i s e d f o r t h e e v a l u a t i o n o f a l t e r n a t i v e 
r e g i o n a l management s t a t e g i e s . I t has been a p p l i e d t o t h e 
problem of a q u i f e r p o l l u t i o n a r i s i n g from t h e w i d e s p r e a d 
a p p l i c a t i o n o f s a l t f o r r o a d d e i c i n g b u t can e q u a l l y be a p p l i e d 
t o any d i s p e r s e d s o u r c e r e g i o n a l p o l l u t i o n problem. 
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Combining e q u a t i o n s ( 6 . 5 ) and ( 6 . 6 ) by making 
s u b s t i t u t i o n s f o r t h e volume terms i n ( 6 . 6 ) : v = S.h ; v' = R 
; and v" = D = a . ( h - h') ; g i v e s : 
S . d ( h . c ) / d t = R . c ' - a . c . ( h - h ' ) ( 6 . 7 ) 
where R.c' r e p r e s e n t s a n e t s o u r c e term. 
The s o u r c e term i n c l u d e s n a t u r a l r e c h a r g e , a r t i f i c i a l r e c h a r g e 
and any groundwater a b s t r a c t i o n s . A c o n c e p t u a l diagram o f the 
model w h i c h forms t h e b a s i s o f t h e computer program APPLE i s 
g i v e n i n F i g . 6.1. 
The program APPLE l i s t e d a t t h e end o f t h i s c h a p t e r , 
s o l v e s e q u a t i o n ( 6 . 6 ) by a s t e p w i s e , e x p l i c i t f i n i t e d i f f e r e n c e 
scheme; a d v a n c i n g t h e c a l c u l a t i o n o f t h e dependent v a r i a b l e s h 
and c c o n s e c u t i v e l y . The a v e r a g e v a l u e o f h o v e r t h e e x p l i c i t 
time s t e p ( t ) i s g i v e n by : 
H = (2S.h + ( a . h 1 + R ) . t ) / ( 2 S + a . t ) ( 6 . 8 ) 
Now t h e c o n c e n t r a t i o n c a l c u l a t i o n i s advanced t o g i v e the 
a v e r a g e v a l u e o f c o v e r t h e time s t e p : 
C = (2S.H.C + R . c ' . t J / C 2S.H + R . t ) ( 6 . 9 ) 
The v a l u e o f t h e p a r a m e t e r a i n e q u a t i o n ( 6 . 8 ) i s g i v e n by 
e q u a t i o n ( 6 . 4 ) . I n t h e program APPLE, e a c h s o u r c e element 
i n v o l v e d i n t h e p a r a m e t e r R may be r e p r e s e n t e d as a lumped-
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parameter c e l l i f r e q u i r e d so t h a t sources may have v a r i a b l e 
r e l e a s e r a t e s f o r p o l l u t a n t . 
APPLE was c a l i b r a t e d and v a l i d a t e d by repeating the 
modelling e x e r c i s e presented by Gelhar and Wilson (1974). A 
p r e d i c t i o n of a q u i f e r c h l o r i d e l e v e l s a r i s i n g from s a l t 
a p p l i c a t i o n i s attempted. The conc e n t r a t i o n of c h l o r i d e i n road 
run o f f i s taken to be 400 mg/1. An annual growth r a t e of 10% 
i s modelled f o r the i n c r e a s e i n s a l t a p p l i c a t i o n s over the 18 
year period f o r which data i s a v a i l a b l e . Natural recharge i s 
assumed to be f r e e from c h l o r i d e . The model was allowed to run 
for 18 years at 10% growth and then a f u r t h e r 12 years with 
s a l t a p p l i c a t i o n s maintained steady. Both Gelhar and Wilson 
(1974) and APPLE p r e d i c t c h l o r i d e l e v e l s i n the t e s t a q u i f e r 
approaching a steady s t a t e values of around 100 mg/1 as shown 
i n F i g . 6.2 which i s the appropriate to the f i n a l steady input 
r a t e . The models a l s o c o r r e c t l y p r e d i c t the observed annual 
amplitude of water l e v e l f l u c t u a t i o n s f o r the a q u i f e r shown i n 
F i g 6.3. I n a d d i t i o n to 10% growth, zero growth, 1%, 2.5% and 
5% growth s i m u l a t i o n s were c a r r i e d out and the r e s u l t s are 
given i n F i g 6.4. For no growth a f t e r year 18, l i n e 560 of the 
program should read : 
560 PRINT YR;:IF YR>17 THEN D(2)=0 
Following the s t e a d y - s t a t e s i m u l a t i o n s , two p o l i c y 
options f o r s a l t a p p l i c a t i o n a f e r year 18 were i n v e s t i g a t e d : 
(1) reduce s a l t i n g to o r i g i n a l a p p l i c a t i o n r a t e e q u i v a l e n t 
to 4 00 mg/1 c h l o r i d e . APPLE l i n e 560 should read i 
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560 PRINT YR;:IF YR>17 THEN C(2)=400 
(2) stop s a l t i n g a l t o g e t h e r a f t e r year 18. APPLE l i n e 560 
should read : 
560 PRINT YR;:IF YR>17 THEN C(2)=0 
APPLE gives r e s u l t s c o n s i s t e n t with those obtained by Gelhar 
and Vfilson (1974) i n both cases as i l l u s t r a t e d by F i g . 6.5. 
The APPLE program was developed, programmed, 
debugged, t e s t e d and c a l i b r a t e d i n l e s s than 30 man-hours. 
I n t e r a c t i v e data input to the program t y p i c a l l y takes about 60 
seconds, the s t e a d y - s t a t e i n i t i a l heads are c a l c u l a t e d i n 25 
seconds and 400 water q u a l i t y time steps r e q u i r e about 320 
seconds of CPU time on an 8-bit microcomputer. T h i s e x e r c i s e 
c l e a r l y i l l u s t r a t e s the power of lumped-parameter models on 
desktop computers as problem s o l v i n g t o o l s . The 30 man-hours 
inv o l v e d i n the e x e r c i s e i s t r i v i a l compared with most 
modelling e x e r c i s e s and the very r a p i d program development, 
debugging and t e s t i n g i s a f e a t u r e of dedicated desktop 
computer operation. The program was w r i t t e n i n BASIC, which 
being an i n t e r p r e t e d r a t h e r than compiled language, tends to 
favour r a p i d program development. A t y p i c a l input/output 
dialogue l i s t i n g f o l l o w s the program l i s t i n g of APPLE. 
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PROGRAM APPLE 
10 REM ****************************************** 
2 0 REM Main program 
3 0 REM 
4 0 DATA Aquifer P o l l u t i o n P r e d i c t i o n Lumped-parameter Equation 
50 DATA s Model,APPLE (C) Copyright John B e l l and Malcolm Reev 
60 DATA es (1980) 
70 PRINT CHR$(12) 
80 PRINT:FOR NI=1 TO 2:READ A$,B$:PRINT A$,B$:NEXT NI:PRINT 
90 PI=4*ATN(1):T0=365/4:Tl=365/2:T2=365:TR=(T2-T1)/12 
100 A$="Enter number of p o l l u t i o n sources" 
110 MN=1:MX=10:GOSUB 1100:NP=D:NN=NP+1:NP=2 
120 A$="ls the data s t o r e d i n DATA statements":GOSUB 1300 
13 0 I F R=l THEN GOSUB 12 20:GOTO 220 
14 0 FOR 1=1 TO NN:GOSUB 920;NEXT I 
150 PRINT:PRINT "ENTER INFILTRATION PARAMETERS" 
160 A$="Enter long term average annual e v a p o t r a n s p i r a t i o n (mm)" 
170 MN=1:MX=5E3:GOSUB 1100:AE=D 
180 A$="Enter long term average annual r a i n f a l l (mm)" 
190 MN=AE+1:MX=5E3:GOSUB 1100:AR=D 
200 PRINT:PRINT " I n f i l t r a t i o n a p p l i e d as h a l f s i n u s o i d " 
210 PRINT:PRINT "Period":INT(100*TR)/100?"months" 
220 PRINT:PRINT "ENTER TIME PARAMETERS" 
230 A$="Enter s t a r t time for run ( d a y s ) " 
240 MN=0:MX=365:GOSUB 1100:TS=D 
250 A$="Enter stop time for run ( d a y s ) " 
260 MN=MN+1:MX=100*365:GOSUB 1100:TF=D:TP=TF-TS:YP=INT(TP/365) 
270 TP=TP-365*YP 
280 PRINT:PRINT "Run i s f o r period of";YP;"years and";TP;"days" 
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290 A$="Enter time st e p f o r run" 
300 MN=3 0:MX=3 65*YP+TP:GOSUB 1100:DT=D:YT=INT(3 65/DT) 
310 I F 365/DTOYT THEN DT=365/YT: PRINT : PRINT "TIME STEP 
AMENDED" 
320 PRINTs PRINT "Time step w i l l be";INT(100*DT)/100?"days" 
330 FOR 1=1 TO NN:IF D(I)=0 THEN 360 
340 I F D(I)<0 THEN D(I)=1-EXP(LOG(1-D(I))/YT):GOTO 360 
350 D(I)=EXP(LOG(D(I))/YT) 
3 60 NEXT I:TS=TS+1E-3*DT:T=TS:PRINT:PRINT "INPUT COMPLETE" 
370 PRINT:PRINT "ITERATING FOR STEADY STATE HEADS":PRINT 
3 80 REM 
3 90 REM Steady s t a t e head i t e r a t i o n loop 
4 00 REM 
410 HS=H(1) 
420 GOSUB 790:FOR 1=2 TO NN:GOSUB 870:GOSUB 640:H(I)=HA:NEXT I 
43 0 1=1:GOSUB 870:GOSUB 710sH(I)=HA:T=T+DT:IT=INT(T/DT) 
440 HP=INT(10*HA)/10:LR=0:QR=0:QC=0 
450 LR=0:QR=0:QC=0:IF I T O Y T THEN PRINT HP;:GOTO 420 
460 PRINT HP:IF ABS(HS-HA)>0.01 THEN 410 
4 70 PRINT HA 
480 PRINT:PRINT "EXECUTING TRANSIENT WATER QUALITY MODEL":PRINT 
4 90 C0=C(1):T=TS:YR=0 
500 PRINT "POLLUTANT CONCENTRATION IN AQUIFER (mg/1)":PRINT 
510 PRINT "Step";:FOR NS=1 TO YT:PRINT TAB(5+4*NS);NS?:NEXT NS 
520 PRINT:PRINT "Year" 
53 0 REM 
54 0 REM T r a n s i e n t q u a l i t y i t e r a t i o n loop 
550 REM 
560 PRINT YR; 
570 GOSUB 790:FOR 1=2 TO NN:GOSUB 870:GOSUB 640:H(I)=HA:C(I)=CA 
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580 NEXT I:I=l:GOSUB 870:GOSUB 710:H(I)=HA:C(I)=CA:T=T+DT 
590 TS=TS+DT:IT=INT(T/DT):LR=0:QR=0:QC=0 
600 I F I T O Y T THEN PRINT TAB( 5+4*IT);INT(CA) ;:GOTO 570 
610 PRINT TAB(5+4*IT);INT(CA):IF TS<TF THEN YR=YR+l:GOTO 560 
62 0 END 
63 0 REM**************************************** 
64 0 REM 
650 REM P o l l u t i o n source head model 
660 REM 
670 A=3*KA*(HA+H0)/(2*LA*LA):B=2*NA+A*DT:LR=LR+LA 
680 HM=(2*NA*HA+A*H0*DT+F)/BsQR=QR+A*(HM-H0)*DT*LA 
690 HA=2*HM-HA:CA=CA*(1-DA)sQC=QC+QR*CA 
700 RETURN 
710 REM 
720 REM Aquifer head model 
73 0 REM 
740 A=3*KA*(HA+H0)/(2*LA*LA):B=2*NA+A*DT:FA=F*(LA-LR)/LA 
750 HM=(2*NA*HA+A*H0*DT+FA+QR/LA-QP)/B:HA=2*HM-HA 
760 CM=(2*NA*HM*CA+FA*C0+QC/LA)/(2*NA*HM+FA+QR/LA+DA*NA*HM*DT) 
770 CA=2*CM-CA 
780 RETURN 
790 REM 
800 REM I n f i l t r a t i o n model 
810 REM 
820 F=0:IF T>365 THEN T=T-365 
83 0 I F T>Tl-T0-DT/2 AND T<T2-T0-DT/2 THEN RETURN 
84 0 FY=1-(T2-T1)/3 65:FM=lE-3 *(AR-AE)/365 
850 F=DT*PI*FM*SIN(2*PI*(T+T0+DT/2)/365)/(2*FY) 
860 RETURN 
870 REM 
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880 REM Set up va l u e s from a r r a y storage 
890 REM 
900 KA=K(I):LA=L(I):NA=N(l);CA=C(I)sDA=D(I):HO=HO(I):HA=H(l) 
910 RETURN 
92 0 REM 
93 0 REM Input r o u t i n e 
94 0 REM 
950 I F 1=1 THEN A$="AQUIFER";GOTO 970 
960 A$="POLLUTION SOURCE"+STR$(I-1) 
970 PRINT:PRINT "ENTER ";A$;" PARAMETERS" 
980 RESTORE 990 
990 DATA P e r m e a b i l i t y (m/d),1E-6,1E3 
1000 DATA C h a r a c t e r i s t i c length ( m ) , l E - l , l E 8 
1010 DATA Minimum s a t u r a t e d t h i c k n e s s ( m ) , l , l E 3 
1020 DATA I n i t i a l average head above a q u i f e r base ( m ) , l , l E 2 
103 0 DATA F r a c t i o n a l porosity,1E-3,1 
1040 DATA P o l l u t a n t concentration (mg/l),0,lE5 
1050 DATA F r a c t i o n a l p o l l u t a n t annual decay constant,-1,1 
1060 FOR NI=1 TO 7:READ A$,MN,MXsGOSUB 1100:ID(NI)=D:NEXT NI 
1070 K ( I ) = I D ( 1 ) : L ( I ) = I D ( 2 ) : H 0 ( I ) = I D ( 3 ) : H ( I ) = I D ( 4 ) S N ( I ) = I D ( 5 ) 
1080 C ( I ) = I D ( 6 ) : D ( I ) = I D ( 7 ) 
1090 RETURN 
1100 REM 
1110 REM Data item read r o u t i n e 
1120 REM 
1130 GOTO 1150 
114 0 PRINT B$ 
1150 PRINT:PRINT A$;:INPUT D$:D=VAL(D$);B$="ERROR : " 
1160 I F D$<>"0" AND D=0 THEN B$=B$+"number required":GOTO 1140 
1170 I F D<MN THEN B$=B$+"DATA < PRESET MINIMUM":GOTO 114 0 
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1180 I F D>MX THEN B$=B$+"DATA > PRESET MAXIMUM":GOTO 1140 
1190 RETURN 
1200 REM 
1210 REM F a s t data read r o u t i n e 
1220 REM 
123 0 RESTORE 124 0 
1240 DATA 8.5,520,15,16,.25,0,0 
1250 DATA 1,26,5,5,.3,400,-.1 
1260 DATA 450,1000 
1270 FOR 1=1 TO NN:FOR J = l TO 7:READ ID(J):NEXT J:GOSUB 1070 
12 80 NEXT I:READ AE,AR 
12 90 RETURN 
13 00 REM 
1310 REM Yes/no r o u t i n e 
13 20 REM 
133 0 PRINT:PRINT A$;:INPUT R$:R$=LEFT$(R$,1) 
134 0 I F R$="y" OR R$="Y" THEN R=l:RETURN 
1350 I F R$="n" OR R$="N" THEN R=2:RETURN 
1360 GOTO 1330 
106 
TYPICAL RUN TIME DIALOGUE FOR APPLE 
Aq u i f e r P o l l u t i o n P r e d i c t i o n Lumped-parameter Equations Model 
APPLE (C) Copyright John B e l l and Malcolm Reeves (1980) 
E n t e r number of p o l l u t i o n s o u r c e s ? 1 
I s the data s t o r e d i n DATA statements? N 
ENTER AQUIFER PARAMETERS 
P e r m e a b i l i t y (m/d)? 8.5 
C h a r a c t e r i s t i c length (m)? 520 
Minimum s a t u r a t e d t h i c k n e s s (m)? 15 
I n i t i a l average head above a q u i f e r base (m)? 16 
F r a c t i o n a l p o r o s i t y ? .25 
P o l l u t a n t c o n c e n t r a t i o n (rng/1)? 0 
F r a c t i o n a l p o l l u t a n t annual decay c o n s t a n t ? 0 
ENTER POLLUTION SOURCE 1 PARAMETERS 
P e r m e a b i l i t y (m/d)? 1 
C h a r a c t e r i s t i c length (m)? 26 
Minimum s a t u r a t e d t h i c k n e s s (m)? 5 
I n i t i a l average head above a q u i f e r base (m)? 5 
F r a c t i o n a l p o r o s i t y ? .3 
P o l l u t a n t c o n c e n t r a t i o n (mg/1)? 400 
F r a c t i o n a l p o l l u t a n t annual decay c o n s t a n t ? -.025 
ENTER INFILTRATION PARAMETERS 
E n t e r long term average annual e v a p o t r a n s p i r a t i o n (mm)? 4 50 
E n t e r long term average annual r a i n f a l l (mm)? 1000 
I n f i l t r a t i o n a p p l i e d as h a l f s i n u s o i d 
P e r i o d 15.2 months 
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ENTER TIME PARAMETERS 
E n t e r s t a r t time f o r run ( d a y s ) ? 0 
En t e r stop time f o r run ( d a y s ) ? 13 200 
Run i s for p e r i o d of 36 years and 60 days 
E n t e r time st e p f o r run? 30 
TIME STEP AMENDED 
D 
Time s t e p w i l l be 30.41 days 
INPUT COMPLETE 
ITERATING FOR STEADY STATE HEADS 
16.3 16.4 16.3 16.1 15.9 15.8 15.6 15.5 15.4 15.5 
15.8 16.1 
16.5 16.6 16.5 16.2 I f 15.8 15.7 15.6 15.5 15.5 15.8 
16.2 
16.5 16.6 16.5 16.2 16 15.8 15.7 15.6 15.5 15.5 15.8 
16.2 
EXECUTING TRANSIENT WATER QUALITY MODEL 
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POLLUTANT CONCENTRATION IN AQUIFER (mg/1) 
Step 1 2 3 4 5 6 7 8 9 10 11 12 
Year 
0 0 1 1 1 1 1 1 1 1 1 2 2 
1 3 3 3 4 4 4 4 4 4 4 4 . 4 
2 5 5 6 6 6 6 6 6 6 6 6 6 
3 7 7 8 8 8 8 8 8 8 8 8 8 
4 9 9 9 10 10 10 10 10 10 10 10 10 
5 10 11 11 11 11 11 11 11 11 11 11 12 
6 12 12 13 13 13 13 13 13 13 13 13 13 
7 13 14 14 14 14 14 14 14 14 14 14 14 
8 15 15 15 15 15 15 15 15 15 15 15 16 
9 16 16 16 17 17 17 17 17 17 17 17 17 
10 17 17 18 18 18 18 18 18 18 18 18 18 
11 18 18 19 19 19 19 19 19 19 19 19 19 
12 19 19 20 20 20 20 20 20 20 20 20 20 
13 20 20 21 21 21 21 21 21 21 21 21 21 
14 21 21 22 22 22 22 22 22 22 22 22 22 
15 22 22 22 23 23 23 23 23 23 22 22 23 
16 23 23 23 23 23 23 23 23 23 23 23 23 
17 24 24 24 24 24 24 24 24 24 24 24 24 
18 25 25 25 25 25 25 25 25 25 25 25 25 
19 25 26 26 26 26 26 26 26 26 26 26 26 
20 26 26 27 27 27 27 27 27 27 27 27 27 
21 27 27 28 28 28 28 28 28 28 28 28 28 
22 28 28 28 29 29 29 29 29 29 28 28 28 
23 29 29 29 29 29 29 29 29 29 29 29 29 
24 29 30 30 30 30 30 30 30 30 30 30 30 
25 30 31 31 31 31 31 31 31 31 31 31 31 
26 31 31 32 32 32 32 32 32 32 32 32 32 
27 32 32 33 33 33 33 33 33 33 33 33 33 
28 33 33 34 34 34 34 34 34 34 34 33 34 
29 34 34 34 35 35 35 35 35 35 34 34 34 
30 35 35 35 36 36 36 36 36 36 35 35 35 
31 36 36 36 36 36 36 36 36 36 36 36 36 
32 37 37 37 37 37 37 37 37 37 37 37 37 
33 38 38 38 38 38 38 38 38 38 38 38 38 
34 39 39 39 39 39 39 39 39 39 39 39 39 
35 40 40 40 40 40 40 40 40 40 40 40 40 
36 41 41 41 41 41 41 41 41 41 41 41 41 
READY 
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CHAPTER SEVEN 
STOCHASTIC MODELS OF GROUNDWATER SYSTEMS 
7.1 STOCHASTIC TREATMENT OF GROUNDWATER PARAMETERS 
A l l the modelling techniques described i n previous 
chapters are d e t e r m i n i s t i c i n c h a r a c t e r . That i s , i f the 
aqu i f e r c h a r a c t e r i s t i c s , boundary c o n d i t i o n s , sources and s i n k s 
are f i x e d then the model w i l l always generate i d e n t i c a l 
r e s u l t s . A run of the model i s e x a c t l y reproduceable. 
A major source of l i m i t a t i o n f o r d e t e r m i n i s t i c models 
has been the u n c e r t a i n t i e s present i n the data used i n t h e i r 
c o n s t r u c t i o n . I n many cases i t has been argued that the 
modelling techniques may be 'too good for the data'. 
S t o c h a s t i c approaches to modelling seek to use the 
information a v a i l a b l e on data r e l i a b i l i t y by i n c o r p o r a t i n g 
appropriate random v a r i a t i o n s i n the data parameters. The 
t r a d i t i o n a l approaches to the modelling of groundwater systems 
have always been d e t e r m i n i s t i c but Freeze (1975) has pointed 
out the value of the s t o c h a s t i c approach. S t o c h a s t i c 
groundwater models generate a range of r e s u l t s f o r repeated 
runs of i d e n t i c a l problems, the v a r i a t i o n i n output a r i s i n g 
from the u n c e r t a i n t i e s i n the data. Freeze (1975) regards 
d e t e r m i n i s t i c models as s p e c i a l cases of s t o c h a s t i c models when 
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a l l data parameters are p e r f e c t l y known and have zero v a r i a n c e . 
He a l s o p o i nts out the dangers inherent i n the d e t e r m i n i s t i c 
assumption. 
DeRidder (1974) has i n d i c a t e d the s t o c h a s t i c nature 
of source and s i n k {q} terms i n groundwater models. The f a c t 
t h a t data for { T } , {S} and {D} takes the form of sample, l o c a l 
observations taken to be r e p r e s e n t a t i v e of l a r g e or very l a r g e 
regions supports the contention t h a t these parameters too are 
best regarded as random s t o c h a s t i c v a r i a b l e s . Bearing i n mind 
the l a r g e u n c e r t a i n t i e s i n data parameters f o r groundwater flow 
and q u a l i t y models r e f e r e d to i n the d i s c u s s i o n of data 
r e l i a b i l t y , the s t o c h a s t i c approach has obvious a t t r a c t i o n s . 
Freeze (1975) s t u d i e d the s e n s i t i v i t y of a system 
i n v o l v i n g a homogeneous non-uniform porous medium where 
parameter values were s e l e c t e d by a Monte-Carlo technique from 
the same p r o b a b i l i t y d i s t r i b u t i o n a t a l l s p a t i a l l o c a t i o n s . 
Simple s a t u r a t e d 1-D flow was i n v e s t i g a t e d . I t was concluded 
t h a t . the v a r i a n c e of the s t o c h a s t i c parameters had a 
s i g n i f i c a n t i n f l u e n c e on system response. The system did not 
behave i n the same way as the e q u i v a l e n t d e t e r m i n i s t i c model 
employing uniform homogeneous mean parameter v a l u e s . Smith and 
Freeze (1979) use a Monte C a r l o parameter assignment technique 
coupled with some s p a t i a l smoothing to i n v e s t i g a t e the 
s e n s i t i v i t y of 2-D steady s t a t e flow models to non-uniform 
assumptions. I t i s concluded that the e q u i v a l e n t uniform model 
does not have the mean non-uniform parameter v a l u e . 
I l l 
A s i m i l a r Monte — C a r l o parameter s e l e c t i o n technique 
has been employed by H e l l e r (1972), Mercado (1976) and Schwartz 
(1977) i n groundwater q u a l i t y models. I n t h i s work, i t i s shown 
that a marked change i n the d i s p e r s i o n c h a r a c t e r i s t i c s occurs 
between uniform and non-uniform homogeneous porous media. T h i s 
work confirms the e m p i r i c a l and i n t u i t i v e c o n c l u s i o n s of Theis 
(1967) and Mercado (1967). A more d e t a i l e d a n a l y s i s of the 
problem i s presented by Matheron and DeMarsily (1980) and 
Gelhar e t a l (1979) where i t i s concluded t h a t 'the 
l o n g i t u d i n a l d i s p e r s i v i t y approaches a constant value which i s 
dependent on s t a t i s t i c a l p r o p e r t i e s of the medium 1. Smith and 
Schwartz (1980) and (1981) maintain t h a t l a r g e - s c a l e d i s p e r s i o n 
should not be modelled as a d i f f u s i o n phenomenon. Macroscopic 
d i s p e r s i o n i s c a s t as a process r e l a t e d to s p a t i a l 
heterogeneity i n {T} and consequent v e l o c i t y p e r t u r b a t i o n s . 
These important f i n d i n g s must c a s t doubt on 
s e n s i t i v i t y a n a lyses which assume a q u i f e r s to be uniform media. 
The v a r i a n c e of parameters may have great s i g n i f i c a n c e i n the 
p r e d i c t i o n and a n a l y s i s of macroscopic behaviour. 
7.2 LIMITATIONS OF STOCHASTIC MODELS 
The s t o c h a s t i c approach i s not however without 
l i m i t a t i o n s . The same c r i t e r i a of u s e f u l n e s s must be a p p l i e d as 
those employed for d e t e r m i n i s t i c models. Accuracy, speed, 
f l e x i b i l i t y and most of a l l c o s t has to be considered. I t i s 
undeniable t h a t the e q u i v a l e n t d e t e r m i n i s t i c model i s f a s t e r 
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and cheaper t o run than i t s s t o c h a s t i c counterpart. The 
modeller must decide i f the e x t r a i n f o r m a t i o n provided by the 
st o c h a s t i c approach j u s t i f i e s the increased expenditude of 
resources i n p r e d i c t i v e models. I n s e n s i t i v i t y analyses, the 
decision i s more l i k e l y t o be as t o whether the modeller can 
a f f o r d t o ignore non- u n i f o r m i t y . D e t t i n g e r and Wilson (1981) i n 
a study of p r e d i c t i o n u n c e r t a i n t y i n 2-D t r a n s i e n t groundwater 
flow models conclude t h a t 1 the p r e d i c t i o n u n c e r t a i n t y i s a 
fu n c t i o n of the magnitude of the parameter u n c e r t a i n t y and 
s e n s i t i v i t y of the p r e d i c t i o n s t o the parameters'. 
7.3 REGRESSION MODELS OF GROUNDWATER SYSTEMS 
The i n t r o d u c t i o n of the concept of random v a r i a b l e s 
f o r data parameters i s a r e l a t i v e l y recent i n n o v a t i o n i n 
groundwater modelling though i t has been commonplace i n other 
f i e l d s . This concept, however, does not change the basic view 
of the modelling process as one of s o l v i n g the p h y s i c a l 
equations of flow and d i s p e r s i o n (2.1) and ( 2 . 2 ) . The mechanism 
f o r these processes i s assumed t o be adequately represented by 
these equations. Such models, where the governing equation f o r 
the process i s known, may be c a l l e d 'mechanistic' models. 
There are many processes, p a r t i c u l a r l y when 
i n t e r a c t i o n s occur between d i f f e r e n t systems, where the 
governing equations are not known. I n these cases, where the 
system response t o known inputs has been observed but the 
precise nature of the i n t e r n a l o p eration of the system cannot 
be represented by a set of governing equations, a model i s 
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r e q u i r e d t o p r e d i c t f u t u r e outputs. This i s a very common 
problem and regression models are used t o f i n d the best 
estimate of the f u n c t i o n necessary t o transform i n p u t s t o 
outputs. I n t h i s case the system output i s regarded as a random 
v a r i a b l e dependent on the precedent i n p u t s . 
Regression models are very commonly a p p l i e d t o the 
analysis of surace water flow and q u a l i t y though a p p l i c a t i o n s 
i n the f i e l d of groundwater modelling are lees common. However 
they represent an a l t e r n a t i v e approach t o modelling t o be 
evaluated alongside 'mechanistic' models. 
P h i l l i p s (1978) describes a m u l t i p l e regression 
technique f o r f o r e c a s t i n g groundwater l e v e l s from r a i n f a l l and 
i n f i l t r a t i o n estimates. The p r e d i c t o r equations take the form : 
L' = Sum { a . I } + Sum {b.L} + c.R (7.1) 
where L' i s the groundwater l e v e l one time step on, 
I represents i n f i l t r a t i o n f o r n preceding time steps, 
L represents water l e v e l s f o r m preceding time steps, 
R represents r a i n f a l l f o r c u r r e n t time step, 
a,b,c are e m p i r i c a l c o e f f i c i e n t s , 
and m,n are i n t e g e r s . 
This i s a t y p i c a l general regression model i n c l u d i n g both 
regressive and autoregressive elements. 
A general approach t o s i m u l a t i n g r i v e r water q u a l i t y 
from groundwater and surface run o f f sources using regression 
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models i s presented by Page and Warn (1974). A more 
s o p h i s t i c a t e d r i v e r water q u a l i t y model i s proposed by B i r t l e s 
(1977). River flow i s broken down i n t o e f f l u e n t f l o w s , d i r e c t 
r u n - o f f and a q u i f e r baseflows. The t o t a l r i v e r load f o r any 
q u a l i t y parameter i s assumed t o be given by : 
Mp = Sum {Qe.Cep} + Sum {Qb.Cbp} + Qr.Crp (7.2) 
where Mp i s the t o t a l load of q u a l i t y parameter p, 
Qe i s one of n e f f l u e n t f l o w s , 
and Cep i s the corresponding concentration of p, 
Qb i s one of m groundwater baseflow discharges, 
and Cbp i s the corresponding concentration of p, 
Qr i s the r u n - o f f f l o w , 
and Crp i s the corresponding concentration of p, 
and m,n are i n t e g e r s . 
Equations s i m i l a r t o (7.2) can be formulated f o r each q u a l i t y 
parameter i n t u r n . Water q u a l i t y and r i v e r flow records mean 
t h a t a large number of simultaneous estimates o f M values are 
a v a i l a b l e and these can be used t o o b t a i n l e a s t squares 
estimates of Q and C. The model can then be used as a p r e d i c t o r 
f o r water q u a l i t y changes r e s u l t i n g from changes i n Q. 
7.4 LIMITATIONS OP REGRESSION MODELS 
Regression models have two outstanding advantages : 
(1) conceptual and computational s i m p l i c i t y , and 
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(2) cheapness and speed i n p r e d i c t i o n . 
Regression models are very easy t o program and a f t e r 
c a l i b r a t i o n , p r e d i c t i o n i s simply a matter of e v a l u a t i n g an 
e x p l i c i t formula. 
The c h i e f l i m i t a t i o n s of regression methods are also 
well-known ; 
(1) l a r g e amounts of data are r e q u i r e d f o r c a l i b r a t i o n t o 
i d e n t i f y e m p i r i c a l c o e f f i c i e n t s , 
(2) there i s no guarantee t h a t e m p i r i c a l c o e f f i c i e n t s are 
not s p e c i f i c t o the dataset from which they were deduced, 
(3) p r e d i c t i o n s can only be made f o r datasets very s i m i l a r 
t o the c a l i b r a t i o n dataset. 
I f p o ssible checks should be made by s p l i t t i n g c a l i b r a t i o n 
datasets t o ensure t h a t c o e f f i c i e n t s do not vary w i l d l y . Models 
should also be v a l i d a t e d on datasets t o t a l l y independent of 
those used i n c a l i b r a t i o n . A l l the sources of v a r i a t i o n i n the 
inp u t s used i n p r e d i c t i v e runs must have been present i n the 
c a l i b r a t i o n runs. 
7.5 EMPIRICAL MODELS FOR DECISION MAKING 
Regression models, i n essence, summarise past 
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experience and use t h a t experience t o make p r e d i c t i o n s . I n 
order t o formulate a regression model, however, i t i s necessary 
t o have a large amount of complete q u a n t i t a t i v e data from which 
e m p i r i c a l c o e f f i c i e n t s can be deduced. 
There are many s i t u a t i o n s i n a groundwater context 
where decisions must be made on the basis of experience when 
t h a t experience i s both incomplete and q u a l i t a t i v e . For 
example, i n the s e l e c t i o n of a b s t r a c t i o n w e l l s i t e s , waste 
disposal s i t e s and i n the e s t i m a t i o n of the e f f e c t s of mining 
or a g r i c u l t u r a l operations on groundwater q u a l i t y and f l o w . A 
method o f r a t i o n a l i s i n g such experience i n the form of a model 
enables the non-expert t o review a complex s i t u a t i o n , be 
prompted as t o the s a l i e n t parameters, and come t o a 
p r e l i m i n a r y d e c i s i o n . 
A d e c i s o n - a s s i s t i n g model may be constructed by the 
f o l l o w i n g steps : 
(1) assembling a l l the case h i s t o r y data, s u b j e c t i v e 
opinions and r u l e s of thumb, 
(2) i d e n t i f y i n g a l l the d i f f e r e n t p o t e n t i a l outcomes of 
the d e c i s i o n process, 
(3) s t r u c t u r i n g the data i n t o a set of ob s e r v a t i o n a l 
f a c t o r s which m i t i g a t e f o r or against each p a r t i c u l a r outcome, 
(4) q u a n t i f y i n g the r e l a t i v e i n f l u e n c e of ob s e r v a t i o n a l 
f a c t o r s f o r each outcome as weighting or predisposing f a c t o r s , 
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(5) o r d e r i n g the outcomes f o r p a r t i c u l a r case h i s t o r i e s 
and reviewing q u a n t i t a t i v e weightings t o c a l i b r a t e the model. 
This procedure was used i n the f o r m u l a t i o n of the model MINES 
which forecasts the l i k e l i h o o d of a c i d mine drainage r e s u l t i n g 
from a p a r t i c u l a r mining operation and the probable chemical 
character of the e f f l u e n t . The procedure adopted can be seen, 
w i t h h i n d s i g h t , t o have considerable s i m i l a r i t i e s w i t h the 
co n s t r u c t i o n of a group of models combining digraph theory w i t h 
s t o c h a s t i c processes and c a l l e d t r a n s i t i o n digraph models. 
These models are described by Roberts (1976) i n an 
environmental c o n t e x t . 
7.6 RANDOM-WALK SIMULATION OF DISPERSION 
Dispersion i n porous media arises from two p r i n c i p l e 
sources : 
(1) molecular d i f f u s i o n : due t o random molecular motions 
w i t h i n the f l u i d phase, and 
(2) hydrodynamic d i s p e r s i o n : due t o random f l u c t u a t i o n s 
of f l o w v e l o c i t y through the porous medium on a microscopic and 
mesoscopic scale. 
Thus the ma n i f e s t a t i o n of di s p e r s i o n on a macroscopic scale 
a r i s e s , argueably from small-scale random motions. The analogy 
between s o l u t i o n s t o the d i f f u s i o n equation and random Brownian 
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motion i s widely e x p l o i t e d i n physics and i s discussed 
e x h a u s t i v e l y by Port and Stone (1978) i n r e l a t i o n t o p o t e n t i a l 
theory. The s i m u l a t i o n of d i f f u s i o n by a random-walk process i s 
also used i n b i o l o g y as described by Okubo (1980). 
Consider the d i f f u s i o n process i n 1-D. I n any given 
small time p e r i o d ( f ) a ' p a r t i c l e ' w i l l move a sh o r t distance 
(x') t o the l e f t or r i g h t . I f the medium i s i s o t r o p i c , the 
p r o b a b i l i t i e s of l e f t or r i g h t movement w i l l be 0.5. A f t e r the 
time increment t ' the population made up of a l l the ' p a r t i c l e s ' 
w i l l have moved, h a l f t o the l e f t and h a l f t o the r i g h t . I n the 
next time increment, each i n d i v i d u a l p a r t i c l e again moves 
e i t h e r l e f t or r i g h t independently of i t s previous motion. Thus 
on average, 25% of the p o p u l a t i o n w i l l f i n d i t s e l f a distance 
of 2.x' from the o r i g i n as the population spreads f u r t h e r . 
A f t e r a l a r g e number of time steps, n . t * , the d i s t r i b u t i o n of 
' p a r t i c l e s ' i s not uniform since as n becomes large the 
p r o b a b i l i t y of a p a r t i c l e f i n d i n g i t s e l f a distance n.x' from 
the o r i g i n i s very small ( 0.5 t o the power n i n f a c t ) . A f t e r a 
la r g e number of random l e f t or r i g h t motions a t y p i c a l p a r t i c l e 
w i l l be a distance m.x' from the o r i g i n . To get there i t w i l l 
have moved (a) steps l e f t and (b) steps r i g h t such t h a t : 
n = a + b and m = a - b (7.3) 
or a l t e r n a t i v e l y s 
a = (n + m)/2 and b = (n - m)/2 (7.4) 
The number of p o s s i b l e paths t o t h i s t y p i c a l p o s i t i o n can be 
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shown by combinational theory t o be 
n!/(a!.b!) = n ! / ( { ( n + m)/2}!.{(n - m)/2}!) (7.5) 
The t o t a l number of possible paths f o r a ' p a r t i c l e ' i s 2 t o the 
power n, hence the p r o b a b i l i t y o f a p a r t i c l e being at a 
distance m.x' from the o r i g i n a f t e r n time steps of l e n g t h t ' 
i s given by : 
n 
P(m,n) = ( 0 . 5 ) . n ! / ( { ( n + m)/2)!.{(n - m)/2}!] (7.6) 
This i s the well-known binomial d i s t r i b u t i o n which f o r larg e n 
i s known t o c l o s e l y approximate the Gaussian or normal 
d i s t r i b u t i o n : 
0.5 2 
l i m (P(m,n)} = {2/(ir.n)} . exp{-m / ( 2 . n) } (7.7) 
Replacing the d i s c r e t e v a r i a b l e s by continuous v a r i a b l e s , m.x' 
becomes x and n . t 1 becomes t and d e f i n i n g : 
2 
D = l i m {x* / ( 2 . t ' ) } , f o r small x' and t ' (7.8) 
where D i s the d i f f u s i o n or d i s p e r s i o n c o e f f i c i e n t , 
Equation (7.7) can now be w r i t t e n f o r the continuous v a r i a b l e s 
0.5 2 
P ( x , t ) = {1/(4 .fr.D.t) } . exp { - x / ( 4 . D . t ) } (7.9) 
The s o l u t i o n of the d i f f u s i o n equation f o r a p o i n t source i n an 
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i n f i n i t e , homogeneous, i s o t r o p i c medium w i t h an i n t i t i a l source 
concentration of Co at x = 0 i s : 
0.5 2 
C(x,t)/Co = {1/(4.n.D.t)} . exp { - x / ( 4 . D . t ) J (7.10) 
The analogy between the d i f f u s i o n - d i s p e r s i o n process and the 
random-walk Markov model i s thus apparent i n the s i m i l a r i t y of 
equations 7.9 and 7.10. 
Random-walk simulations have one very major 
computational advantage over other modelling techniques. The 
s p a t i a l and temporal d i s t r i b u t i o n of the dependent concentraton 
v a r i a b l e can be generated by sequential l o g i c a l operations. No 
a r i t h m e t i c i s necessary. This technique has been a p p l i e d t o a 
series of groundwater p o l l u t i o n problems and r e s u l t s are 
reported i n d e t a i l i n the d e s c r i p t i o n of the DIFAN model. No 
reference t o previous a p p l i c a t i o n s i n the f i e l d of groundwater 
modelling has been found i n the l i t e r a t u r e . 
The use of random-walk simulations promises t o 
overcome the d i f f i c u l t i e s i nherent i n d e t e r m i n i s t i c numerical 
models associated w i t h the non-uniform character of a q u i f e r 
parameters r e p o r t e d by Smith and Freeze (1979) and Smith and 
Schwartz (1980) amongst others. 
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PART TWO 
NEW MODEL DEVELOPMENTS 
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CHAPTER EIGHT 
COMPARATIVE EVALUATION OF MODELLING METHODS 
8.1 CLASSIFICATION OF MODELLING PROBLEMS 
There are e s s e n t i a l l y four classes of problems t o 
which groundwater modelling techniques can be ap p l i e d : 
(1) P r e l i m i n a r y e v a l u a t i o n studies (PE) : where some k i n d 
of assessment must be made as t o whether a r e a l problem worthy 
of more d e t a i l e d i n v e s t i g a t i o n e x i s t s . Such evaluations must be 
made on a large number of occasions and r a p i d decisions are 
o f t e n r e q u i r e d . The techniques employed must t h e r e f o r e be 
simple and f a s t . 
(2) Parameter i d e n t i f i c a t i o n studies (PI) : where 
estimates of a q u i f e r or f l u i d c h a r a c t e r i s t i c s are t o be deduced 
from f i e l d or l a b o r a t o r y observations. Again lar g e numbers of 
these studies are r e q u i r e d so methods cannot be overelaborate; 
however, techniques should p o i n t out the degree of ambiguity or 
p o t e n t i a l e r r o r i n the r e s u l t i n g parameter estimates. 
(3) Response p r e d i c t i o n studies (RP) ; where the outcome 
of a proposed course of a c t i o n on a p a r t i c u l a r system i s t o be 
pr e d i c t e d . Such models can become r o u t i n e management t o o l s and 
be i n regular use. S o p h i s t i c a t e d techniques may be re q u i r e d i n 
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some cases when computational e f f i c i e n c y w i l l be an important 
c o n s i d e r a t i o n . 
(4) S e n s i t i v i t y a nalysis studies (SA) : where the 
dependency of system response on s p e c i f i c parameters or groups 
of parameters i s i n v e s t i g a t e d . Such studies may vary 
considerably i n t h e i r scope but i n t h e i r most complex form 
represent the area of a p p l i c a t i o n f o r very s o p h i s t i c a t e d 
techniques. 
For each of the four classes of problem, the 
a p p l i c a t i o n may be : 
(a) Simple (S) : a l i n e a r problem w i t h simple boundaries 
and parameters constant or showing a simple p a t t e r n of 
v a r i a t i o n i n v o l v i n g the behaviour of only one i s o l a t e d , 
independent system, or 
(b) Complex (C) : a general, p o s s i b l y n o n - l i n e a r , problem 
w i t h a r b i t a r y boundaries and parameter inhomogeneity and 
anisotropy perhaps i n v o l v i n g several i n t e r a c t i v e systems. 
(c) Global (G) : concerned w i t h large scale response of 
r e g i o n a l v a r i a b l e s such as t o t a l outflows and average p o l l u t i o n 
l e v e l s , or 
(d) Local (L) : concerned w i t h i n d i v i d u a l s i t e s and w e l l s 
w i t h i n the modelled r e g i o n . 
124 
T h e s e two p a i r s o f q u a l i f y i n g terms expand the f o u r b a s i c 
problem c l a s s e s t o 16 problem t y p e s : 
Problem Problem Type 
C l a s s S i m p l e Complex 
G l o b a l L o c a l G l o b a l L o c a l 
P r e l i m i n a r y E v a l u a t i o n PEGS PELS PEGC PELC 
Par a m e t e r I d e n t i f i c a t i o n PIGS P I L S PIGC P I L C 
Response P r e d i c t i o n RPGS RPLS RPGC RPLC 
S e n s i t i v i t y A n a l y s i s SAGS SALS SAGC SALC 
T h i s somewhat a r b i t a r y c l a s s i f i c a t i o n o f problems w i l l be o f 
use when r e v i e w i n g and comparing t h e a p p l i c a t i o n o f t he v a r i o u s 
m o d e l l i n g methods. 
8.2 REVIEW OF APPLICATIONS OF MODELLING METHODS 
I n o r d e r t o compare and e v a l u a t e t h e r e l a t i v e 
u s e f u l n e s s of t he v a r i o u s t y p e s o f groundwater model, t h e main 
a p p l i c a t i o n s o f e a c h t y p e w i l l be summarised t o p r o v i d e t h e 
b a s i s f o r d i s c u s s i o n . 
A n a l y t i c a l models a r e u s e f u l f o r p r e l i m i n a r y problem 
e v a l u a t i o n , p a r t i c u l a r l y when p o i n t s o u r c e s and s i n k s a r e 
i n v o l v e d . Most p a r a m e t e r i d e n t i f i c a t i o n p roblems, p a r t i c u l a r l y 
f o r i d e a l i s e d l a b o r a t o r y e x p e r i m e n t s and f i e l d t e s t s where 
s i m p l e boundary c o n d i t i o n s can be assumed as a f i r s t 
a p p r o x i m a t i o n , a r e b e s t t a c k l e d by f i t t i n g a n a l y t i c a l models. 
V e r y s i m p l e r e g i o n a l r e s p o n s e p r e d i c t i o n problems can be s o l v e d 
w i t h a n a l y t i c a l models but as the c o m p l e x i t y i n c r e a s e s t h e 
c o m p u t a t i o n a l e f f o r t i n v o l v e d r a p i d l y a p p r o a c h e s t h a t o f 
d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models which a r e much more 
f l e x i b l e . Perhaps t h e most i m p o r t a n t use o f a n a l y t i c a l models 
i s t o a c t as an i n d e p e n d e n t c h e c k on t h e a c c u r a c y of o t h e r 
m o d e l l i n g p r o c e d u r e s . 
P h y s i c a l a n alogue models a r e i n f l e x i b l e and s u f f e r 
from problems o f s c a l i n g m a t e r i a l p r o p e r t i e s . T h e i r major a r e a 
of a p p l i c a t i o n i s i n t h e d e m o n s t r a t i o n o f f l u i d f l o w and 
t r a n s p o r t phenomena f o r t e a c h i n g p u r p o s e s . I n one r e s p e c t , 
p h y s i c a l a n a l o g u e s s t i l l p r o v i d e a v a l u a b l e r e s e a r c h t e c h n i q u e . 
F l u i d f l o w and p a r t i c l e i n t e r a c t i o n problems, such as t h e 
p a r t i c l e t r a c t i o n ' p i p i n g ' problems and s u r f a c e s u b s i d e n c e 
problems a r i s i n g from p a r t i c l e m i g r a t i o n and s o l u t i o n o f t h e 
porous medium s k e l e t o n , remain d i f f i c u l t t o model by o t h e r 
methods and p h y s i c a l a n a l o g u e s p r o v i d e the most f e a s i b l e 
m o d e l l i n g t e c h n i q u e . 
S i m p l e e l e c t r i c a l a n a l o g u e s u s i n g ' T e l e d e l t o s ' paper 
a r e f a s t t o p r e p a r e and a l l o w v e r y f l e x i b l e boundary 
g e o m e t r i e s . They rema i n u s e f u l i n t h e p r e l i m i n a r y e v a l u a t i o n o f 
both r e g i o n a l and l o c a l s t e a d y s t a t e f l o w problems. R e s i s t a n c e -
c a p a c i t a n c e networks f o r t r a n s i e n t f l o w problems have been 
e n t i r e l y s u p e r s e d e d by d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models 
which a r e s u p e r i o r i n terms of f l e x i b i l i t y , p r e p a r a t i o n time 
and c o s t . Both p h y s i c a l and e l e c t r i c a l analogue models r e q u i r e 
c o n s i d e r a b l e s p a c e and l a b o r a t o r y back-up f a c i l i t i e s . 
Complex parameter i d e n t i f i c a t i o n problems a r e v e r y 
much the p r o v i n c e o f d i s t r i b u t e d - p a r a m e t e r d e t e r m i n i s t i c 
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n u m e r i c a l models. System s e n s i t i v i t y a n a l y s i s problems a r e a l s o 
b e s t s e r v e d by d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models but f o r 
t h e s e a p p l i c a t i o n s p a r a m e t e r s s h o u l d be t r e a t e d as s t o c h a s t i c 
v a r i a b l e s . D i s t r i b u t e d - p a r a m e t e r models f o r r e s p o n s e p r e d i c t i o n 
a r e v a l u a b l e b u t r e c e n t work on d a t a r e l i a b i l i t y s u g g e s t s t h a t 
v e r y good f i e l d d a t a i s n e c e s s a r y f o r c a l i b r a t i o n i f t he 
c o n s i d e r a b l e r e s o u r c e e x p e n d i t u r e i n v o l v e d i n d i s t r i b u t e d -
p a r a m e t e r c a l i b r a t i o n and p r e d i c t i o n i s t o be j u s t i f i e d . 
A l t h o u g h 3-D models a r e t e c h n i c a l l y f e a s i b l e , d a t a l i m i t a t i o n s 
a r e l i k e l y t o i n h i b i t t h e i r p r a c t i c a l a p p l i c a t i o n . Of the major 
f o r m u l a t i o n schemes f o r d i s t r i b u t e d - p a r a m e t e r models, FDM i s 
most w i d e l y a p p l i e d t o p r a c t i c a l problems even though FEM 
programs have been a v a i l a b l e f o r a c o n s i d e r a b l e t i m e . 
D i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models seem t o be g r o s s l y o v e r -
u s e d i n c i r c u m s t a n c e s where o t h e r s i m p l e r models c o u l d have 
been a p p l i e d e q u a l l y e f f e c t i v e l y and much more r a p i d l y and 
c h e a p l y . 
The use o f lumped-parameter models i n groundwater 
s t u d i e s i s a n e g l e c t e d a r e a , p o s s i b l y due t o t h e u n t h i n k i n g 
a p p l i c a t i o n o f d i s t r i b u t e d p a r a m e t e r FDM and FEM p a c k a g e s . They 
p r o v i d e an e x c e l l e n t means f o r t a c k l i n g r e s p o n s e p r e d i c t i o n and 
s e n s i t i v i t y a n a l y s e s o f ' g l o b a l ' v a r i a b l e s ( r e p r e s e n t a t i v e o f 
whole c a t c h m e n t s or r e g i o n s ) . Lumped-parameter e l e m e n t s a r e 
w e l l s u i t e d t o e v a l u a t i n g complex s y s t e m i n t e r a c t i o n p roblems. 
By u s i n g s e n s i t i v i t y a n a l y s i s , lumped-parameter models can make 
the f u l l e s t p o s s i b l e use o f l i m i t e d d a t a w h i l s t r e q u i r i n g o n l y 
modest c o m p u t a t i o n a l r e s o u r c e s . 
R e g r e s s i o n models a r e v e r y v a l u a b l e f o r ' p a t c h i n g ' 
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gaps i n d a t a r e c o r d s and making r e s p o n s e p r e d i c t i o n s i n v o l v i n g 
v e r y l i m i t e d e x t r a p o l a t i o n . They r e l y h e a v i l y on e x t e n s i v e and 
u n i n t e r u p t e d d a t a s e q u e n c e s f o r t h e i r c a l i b r a t i o n and a r e o f t e n 
m i s u s e d by a p p l i c a t i o n o u t s i d e t h e range o f t h e i r c a l i b r a t i o n 
d a t a . T h e r e i s a l s o a t e n d e n c y t o v a l i d a t e s u c h models by t h e i r 
a b i l i t y t o r e g e n e r a t e t h e c a l i b r a t i o n d a t a and not an 
ind e p e n d e n t d a t a s e t . F o r s h o r t term p r e d i c t i o n and 
e x t r a p o l a t i o n , r e g r e s s i o n and a u t o r e g r e s s i o n models have p r o v e d 
v e r y s i m p l e cheap and e f f i c i e n t methods. 
The n e c e s s i t y t o t r e a t a q u i f e r p a r a m e t e r s as 
s t o c h a s t i c v a r i a b l e s i s a problem r e c e i v i n g a g r e a t d e a l of 
r e s e a r c h a t t e n t i o n i n t h e e a r l y 1980's and s y s t e m s e n s i t i v i t y 
t o a s s u m p t i o n s of n o n - u n i f o r m i t y a r e p a r t i c u l a r l y i m p o r t a n t i n 
c o n v e c t i o n - d i s p e r s i o n problems. S t o c h a s t i c d i s t r i b u t e d -
p arameter models a r e now a major t o o l i n s e n s i t i v i t y a n a l y s i s 
p r oblems. 
8.3 MICROCOMPUTERS AND GROUNDWATER MODELLING 
The r a i d upsurge i n t h e a v a i l a b i l i t y o f cheap d e s k t o p 
microcomputer s y s t e m s i s l i k e l y t o have a p r o f o u n d e f f e c t on 
computer usage f o r m o d e l l i n g p u r p o s e s . Reeves and L u c a s (1980) 
and Mido (1981) have p o i n t e d out some o f t h e numerous 
a p p l i c a t i o n s t h a t cheap m i c r o p r o c e s s o r t e c h n o l o g y has made 
f e a s i b l e i n t h e g e o l o g i c a l s c i e n c e s . 
The p r e s e n t g e n e r a t i o n of de s k t o p m i c r o c o m p u t e r s a r e 
l i m i t e d i n t h e i r a r i t h m e t i c power. Many use v e r y s l o w s o f t w a r e 
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a r i t h m e t i c and a l m o s t a l l use 8 - b i t words and h i g h p r e c i s i o n 
a r i t h m e t i c r e q u i r e s s p e c i a l s o f t w a r e . M i c r o c o m p u t e r s , 
t h e r e f o r e , though c a p a b l e o f r u n n i n g l a r g e d i s t r i b u t e d -
p arameter FDM and FEM models, a r e not w e l l s u i t e d t o t h e t a s k 
and many hours o f CPU time a r e r e q u i r e d . T h i s s i t u a t i o n i s 
l i k e l y t o change q u i t e r a p i d l y w i t h the development o f 1 6 - b i t 
m i c r o s w i t h hardware a r i t h m e t i c u n i t s . 
Microcomputer development has p r e s e n t e d a l a r g e 
number of n o n - e x p e r t computer u s e r s w i t h a cheap p o w e r f u l 
c a l c u l a t i n g d e v i c e but a p p l i c a t i o n s s o f t w a r e i s s c a r c e . I n t h e 
groundwater c o n t e x t s u c h n o n - e x p e r t s w i l l i n c l u d e managers, 
e n g i n e e r s and s c i e n t i s t s c o n c e r n e d w i t h making day t o day 
d e c i s i o n s of a p r a c t i c a l n a t u r e . The k i n d of computer model 
r e q u i r e d i n t h e s e c i r c u m s t a n c e s must o b v i o u s l y be w r i t t e n f o r 
i n t e r a c t i v e t e r m i n a l use and a l s o be : 
( 1 ) c o n c e p t u a l l y s i m p l e , or i f complex t h e s o p h i s t i c a t i o n 
must be t r a n s p a r e n t t o t h e u s e r , 
( 2 ) v e r y w e l l p r o t e c t e d a g a i n s t m i s t a k e n or n o n s e n s i c a l 
d a t a i n p u t by e r r o r and range c h e c k i n g r o u t i n e s , 
( 3 ) a b l e t o produce c o n c i s e and e a s i l y a s s i m u l a t e d o u t p u t 
p r e f e r a b l y i n t h e form of a g r a p h i c d i s p l a y or a s e l e c t e d 
d e c i s i o n o p t i o n . 
The r e v i e w of m o d e l l i n g t o g e t h e r w i t h t h e 
a v a i l a b i l i t y of d e s k t o p m i c r o c o m p u t e r s h i g h l i g h t s t h r e e 
p o t e n t i a l a r e a s where new groundwater m o d e l l i n g t e c h n i q u e s 
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c o u l d be i n t r o d u c e d or n e g l e c t e d methods f u r t h e r d e v e l o p e d : 
(1 ) Lumped-parameter catchment and r e g i o n a l management and 
p l a n n i n g models, 
( 2 ) D e c i s i o n - a s s i s t i n g models t o p r o v i d e a s y s t e m a t i c 
b a s i s f o r t e c h n i c a l and r e s o u r c e management d e c i s i o n - m a k i n g , 
( 3 ) A new d i s t r i b u t e d - p a r a m e t e r t e c h n i q u e f r e e from t h e 
r e q u i r e m e n t f o r e x t e n s i v e 'number c r u n c h i n g 1 f o r t e c h n i c a l 
problem e v a l u a t i o n . 
8.4 LUMPED-PARAMETER MANAGEMENT AND PLANNING MODELS 
An o b v i o u s a r e a f o r t he development o f lumped-
parameter models i s i n t h e a r e a of r e s o u r c e management and 
p l a n n i n g , where some o b j e c t i v e means o f c o m p a r a t i v e e v a l u a t i o n 
of the l o n g - t e r m consequences of a l t e r n a t i v e management 
s t a t e g i e s on t h e groundwater s y s t e m and i n t e r d e p e n d e n t s y s t e m s 
s u c h as a g r i c u l t u r e i s needed. 
The program NIPREM has been d e v e l o p e d , from an 
o r i g i n a l model d e v e l o p e d by Reeves ( 1 9 7 7 ) . I t c o m p r i s e s a 
p r o c e d u r e f o r the p r e d i c t i o n of groundwater and s u r f a c e w a t e r 
n i t r a t e l e v e l s r e s u l t i n g from changes i n l a n d use and 
a g r i c u l t u r a l p r a c t i c e . 
Some s i g n i f i c a n t developments o f t he s t r u c t u r e of t h e 
model have been made but t h e major development has c o n c e n t r a t e d 
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on d e v e l o p i n g NIPREM as an i n t e r a c t i v e i n p u t prompting package 
f o r a s m a l l m i c rocomputer. The package i s e n t i r e l y s e l f -
e x p l a n a t o r y and s e l f - c o n t a i n e d and o f f e r s e x t e n s i v e ' d e f a u l t ' 
o p t i o n s t o the u s e r . U s e r s r e q u i r e l i t t l e or no computing 
e x p e r i e n c e and a l l but t h e most g r o s s and v e r y s u b t l e i n p u t 
e r r o r s a r e d e t e c t e d and r e f e r r e d t o t h e u s e r f o r amendment. 
NIPREM a c t u a l l y r e q u i r e s a v e r y l a r g e d a t a b a s e of p a r a m e t e r s 
e x t r a c t e d from v e r y d i v e r s e l i t e r a t u r e s o u r c e s . A l l t h e s e c a n 
be amended by t h e knowledgable u s e r b ut s e n s i b l e a s s u m p t i o n s 
a r e made a u t o m a t i c a l l y f o r t h e n o n - e x p e r t . Even i f t h e r e s u l t s 
g e n e r a t e d by NIPREM a r e i n a c c u r a t e , t h e p r o c e s s o f r u n n i n g 
t h r o u g h t h e package makes t h e u s e r aware of t h e s o i l - w a t e r -
n i t r o g e n s y s t e m and the complex i n t e r a c t i o n s i n v o l v e d . 
O ther problems wh i c h may b e n e f i t from s i m i l a r 
t r e a t m e n t i n c l u d e : 
( 1 ) p o l l u t i o n by h e r b i c i d e s and i n s e c t i c i d e s . 
( 2 ) p o l l u t i o n by l e a c h i n g of m i n i n g w a s t e s . 
( 3 ) p o l l u t i o n due t o s a l t used f o r r o a d d e i c i n g . 
T h i s l a t t e r problem i s r e l a t i v e l y s i m p l e and was t a c k l e d as an 
example of lumped p a r a m e t e r m o d e l l i n g i n 6.5 u s i n g t h e program 
APPLE. 
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8.5 EMPIRICAL DECISION-ASSISTING MODELS 
A c o n s i d e r a b l e number of day t o day d e c i s i o n s have t o 
be made on t h e b a s i s o f e x p e r i e n c e or r a t h e r s u b j e c t i v e 
q u a l i t a t i v e e v i d e n c e . Such d e c i s i o n s can be a i d e d by 
s t r u c t u r i n g t h e i n f o r m a t i o n i n a s y s t e m a t i c way and p r o v i d i n g a 
framework on w h i c h t o b a s e d a t a c o l l e c t i o n and e v a l u a t i o n . 
P r o b a b i l i t y - b a s e d models have been d e v e l o p e d t o d e a l 
w i t h d e c i s i o n - m a k i n g problems where a l a r g e body o f d a t a e x i s t s 
i n a q u a l i t a t i v e or s e m i - q u a n t i t a t i v e form. A model f o r m u l a t i o n 
p r o c e d u r e has been s u g g e s t e d and t h e model MINES d e v e l o p e d t o 
f o r e c a s t t h e l i k e l y h o o d o f a c i d mine d r a i n a g e problem o c c u r i n g 
i n a s p e c i f i c s i t u a t i o n . Such l o g i c a l d e c i s i o n - a s s i s t i n g 
p r o c e d u r e s have not p r e v i o u s l y been a p p l i e d i n a groundwater 
m o d e l l i n g c o n t e x t . The model d e v e l o p e d can be r e g a r d e d as a 
k i n d of d i g r a p h or t r a n s i t i o n d i g r a p h model s i m i l a r t o t h o s e 
d e s c r i b e d by R o b e r t s (1976) a l t h o u g h i t was d e v e l o p e d 
i n f o r m a l l y r a t h e r t h a n from t h e f o r m a l background of 
m a t h e m a t i c a l s t a t i s t i c s . 
O t her groundwater problems whi c h c o u l d be t r e a t e d i n 
t h i s manner i n c l u d e : 
( 1 ) s i t i n g a b s t r a c t i o n w e l l s f o r d e w a t e r i n g or w a t e r 
s u p p l y p u r p o s e s . 
( 2 ) p r e l i m i n a r y s e l e c t i o n and c o m p a r a t i v e e v a l u a t i o n of 
p o t e n t i a l w a s t e d i s p o s a l s i t e s . 
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( 3 ) f o r e c a s t i n g a g r i c u l t u r a l p o l l u t i o n from s l u r r y -
d i s p o s a l and s i m i l a r l o c a l i s e d s o u r c e s . 
8.6 STOCHASTIC RANDOM-WALK DISTRIBUTED-PARAMETER MODELS 
D i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models r e q u i r e l a r g e 
amounts o f a r i t h m e t i c c a l c u l a t i o n and a r e t h u s not s u i t a b l e f o r 
i n t e r a c t i v e i m p l i m e n t a t i o n on the p r e s e n t g e n e r a t i o n o f 8 - b i t 
d e s k t o p m i c r o c o m p u t e r s . A t e c h n i q u e s u i t a b l e f o r microcomputer 
s i m u l a t i o n s would t h e r e f o r e be of v a l u e . 
Random-walk s i m u l a t i o n as a means of m o d e l l i n g 
d i s p e r s i o n has been i n v e s t i g a t e d u s i n g t h e program DIFAN which 
combines r e a s o n a b l e a c c u r a c y w i t h v e r y r a p i d and t h e r e f o r e 
cheap c o m p u t a t i o n . The t e c h n i q u e has p r o v e d v a l u a b l e f o r r a p i d 
e v a l u a t i o n o f r e g i o n a l and l o c a l problems and has a f l e x i b i l i t y 
c omparable w i t h many d i s t r i b u t e d - p a r a m e t e r n u m e r i c a l methods. 
Random-walk s i m u l a t i o n s have not p r e v i o u s l y been r e p o r t e d i n a 
groundwater p o l l u t i o n c o n t e x t . 
DIFAN i s i n f a c t f a s t enough t o s u p p o r t an ani m a t e d 
v i d e o d i s p l a y t o show t h e time development o f p o l l u t i o n plumes 
and the t r a n s i e n t p a t h s o f p u l s e p o l l u t i o n s o u r c e s . 
The random-walk s i m u l a t i o n t e c h n i q u e has o t h e r 
p o t e n t i a l a p p l i c a t i o n s i n groundwater m o d e l l i n g : 
(1) R e g i o n a l r e s p o n s e p r e d i c t i o n models. 
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( 2 ) s i m u l a t i o n o f f r a c t u r e p e r m e a b i l i t y . 
( 3 ) s i m u l a t i o n o f a b s o r p t i o n , s o l u t i o n , and p r e c i p i t a t i o n 
r e a c t i o n s w i t h i n porous media. 
The method i s i n f a c t more p r o m i s i n g f o r m o d e l l i n g m i c r o s c o p i c 
and m e s o s c o p i c e f f e c t s but c e r t a i n l y p r o v i d e s a r e a s o n a b l e 
s i m u l a t i o n o f m a c r o s c o p i c d i s p e r s i o n f o r p r e l i m i n a r y problem 
e v a l u a t i o n s . 
8.7 COMPARATIVE EVALUATION OF MODELLING METHODS 
The methods, i n c l u d i n g t h e newly d e v e l o p e d random-
walk and d e c i s i o n - a s s i s t i n g s t o c h a s t i c models, can now be 
c l a s s i f i e d i n terms o f t h e i r u s e f u l n e s s f o r a p a r t i c u l a r 
a p p l i c a t i o n : 
Problem M o d e l l i n g Method 
Type A n a l Phys E l e c DP LP S t o c RW DA Cor 
A n a l A n a l Num Num Num S t o c S t o c S to 
PEGS R N ? N R N R R 7 
PELS R N 7 N N N R N 7 
PEGC N N N N R N N R 7 
PELC N R N R N N N N 7 
PIGS R N ? 7 R N N R 7 
P I L S R N ? R N R 7 N 7 
PIGC H N N N R N N R 7 
P I L C N N N R N R N N 7 
RPGS 7 N ? 7 R N 7 N R 
RPLS 7 N 7 R N R 7 N ? 
RPGC N N N 7 R N N 7 R 
RPLC N N N R N R N N 7 
SAGS N N ? R R R 7 N N 
SALS N N 7 R N R 7 N N 
SAGC N N N 7 R 7 N N N 
SALC N N N R N R N N N 
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Where R i n d i c a t e s a recommended t e c h n i q u e w o r t h y of s e r i o u s 
c o n s i d e r a t i o n , ? i n d i c a t e s a p o s s i b l e t e c h n i q u e w h i c h may 
o c c a s i o n a l l y prove u s e f u l , and N i n d i c a t e s a t e c h n i q u e n o t 
recommended on grounds of a p p l i c a b i l i t y , e f f i c i e n c y o r e x p e n s e . 
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CHAPTER NINE 
NIPREM : A LUMPED-PARAMETER NITRATE POLLUTION MODEL 
9.1 INTRODUCTION TO NIPREM 
NIPREM i s a computer program f o r t h e p r e d i c t i o n o f 
s o i l and w a t e r n i t r o g e n l e v e l s o f c o n c e n t r a t i o n w h i c h c a n be 
used t o s i m u l a t e t h e b e h a v i o u r of t he s o i l - w a t e r n i t r o g e n 
s y s t e m . 
The program has two d i s t i n c t i v e p a r t s : a s o i l -
n i t r o g e n mass b a l a n c e model element and a h y d r o l o g i c a l model 
el e m e n t . Both models r e q u i r e c a l i b r a t i o n and v a l i d a t i o n s i n c e 
the e q u a t i o n s t h e y use a r e e m p i r i c a l f u n c t i o n s t o f i t o b s e r v e d 
d a t a . P a r a m e t e r v a l u e s and a t e s t d a t a s e t a r e p r o v i d e d by t he 
program w h i c h i s i n t e r a c t i v e and s e l f e x p l a n a t o r y . S o u r c e s o f 
parameter and d a t a i n f o r m a t i o n i n the l i t e r a t u r e a r e f u l l y 
d e t a i l e d . 
NIPREM i s d e s i g n e d as a p r e d i c t i v e t o o l f o r p l a n n i n g 
and m o n i t o r i n g t h e i n f l u e n c e of l a n d use and f e r t i l i z e r 
p r a c t i c e on w a t e r s u p p l i e s . 
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9.2 HISTORICAL DEVELOPMENT OF THE NITRATE PROBLEM 
I n r e c e n t y e a r s , t h o s e r e s p o n s i b l e f o r w a t e r s u p p l y 
i n E n g l a n d and Wales have become i n c r e a s i n g l y c o n c e r n e d by t h e 
ap p a r e n t upward t r e n d o f n i t r a t e l e v e l s i n many s u r f a c e w a t e r 
and groundwater s o u r c e s of s u p p l y . 
High c o n c e n t r a t i o n s of n i t r a t e s i n w a t e r have f o r 
some time been a s s o c i a t e d w i t h t h e r a r e d i s e a s e c a l l e d 
i n f a n t i l e methaemoglobinaemia. The f o r m a t i o n o f c a r c i n o g e n i c 
n i t r o s a m i n e s from n i t r a t e s i s a l s o a p o t e n t i a l h e a l t h h a z a r d . 
The i m p l i c a t i o n s of n i t r a t e s i n w a t e r s u p p l y f o r p u b l i c h e a l t h 
have r e c e n t l y been r e v i e w e d by S h u v a l and Gruener (1975) and 
W i n d l e - T a y i o r ( 1 9 7 4 ) . 
I n groundwater from t h e C h a l k a q u i f e r , F o s t e r and 
C r e a s e (1974) r e p o r t e d l e v e l s o f up t o 12 mg/1 n i t r a t e as 
n i t r o g e n i n e a s t Y o r k s h i r e , Sumner (1 9 7 3 ) and Davey (1974) 
l e v e l s of up t o 14 mg/1 i n n o r t h e a s t L i n c o l n s h i r e , Green and 
Walker (1970) l e v e l s o f up t o 23 mg/1 around E a s t b o u r n e and 
F o s t e r ( 1976) l e v e l s of up t o 17 mg/1 i n t h e I s l e o f T h a n e t . 
F o r t h e P e r m o - T r i a s s i c s a n d s t o n e a q u i f e r , S a t c h e l l and Edworthy 
(1972) and S e v e n - T r e n t Water A u t h o r i t y (1978) have r e p o r t e d 
l e v e l s o f up t o 27 mg/1 i n N o t t i n g h a m s h i r e and Reeves e t a l 
(1974) l e v e l s i n e x c e s s of 22mg/l i n n o r t h Y o r k s h i r e . I n a 
s u r v e y of 92 C h a l k w e l l s and 161 P e r m o - T r i a s s i c s a n d s t o n e w e l l s 
f o r which l o n g term r e c o r d s a r e a v a i l a b l e , t h e C e n t a l Water 
P l a n n i n g U n i t (1977) r e p o r t e d s i g n i f i c a n t r i s e s i n n i t r a t e 
l e v e l i n 14% of t h e C h a l k w e l l s and 51% of t h e s a n d s t o n e w e l l s . 
137 
N i t r a t e c o n c e n t r a t i o n s r e p o r t e d by t h e Water R e s e a r c h 
C e n t r e ( 1 9 7 4 ) , i n t h e r i v e r Thames have i n c r e a s e d from an 
av e r a g e o f 4 mg/1 i n 1968 t o 9 mg/1 i n t h e l a s t q u a r t e r o f 
1973; and i n t h e r i v e r Lee over t h e same p e r i o d a v e r a g e l e v e l s 
have r i s e n from 6 to 11 mg/1. I n J a n u a r y 1974, peak l e v e l s o f 
21 and 14 mg/1 r e s p e c t i v e l y f o r t he raw w a t e r i n t a k e s on the 
r i v e r s Lee and Thames by F i s h (1974) c a u s i n g a b s t r a c t i o n s t o be 
t e m p o r a r i l y s u s pended. O t h e r r i v e r s a r e r e p o r t e d t o have 
i n c r e a s i n g n i t r a t e l e v e l s . These i n c l u d e t h e G r e a t Ouse between 
1957 and 1967, the Chelmer and B l a c k w a t e r from 1958 t o 1968, 
the Y o r k s h i r e Ouse between 1963 and 1967 (Owens,1970) and t h e 
Frome from 1965 to 1972 ( C a s e y , 1 9 7 5 ) . T o m l i n s o n (1970) showed 
s i g n i f i c a n t upward t r e n d s f o r n i t r a t e i n t h e r i v e r s M a n i f o l d , 
Dee, Tyne and Tees between 1953 and 1967 but c o n c l u d e d t h a t 
t h e r e was l i t t l e e v i d e n c e o f a g e n e r a l i n c r e a s e i n t h e r i v e r s 
S t o u r , R o t h e r , Wensum, S e v e r n and Thames. 
S i n c e t h e World H e a l t h O r g a n i s a t i o n recommend 11.3 
mg/1 n i t r a t e as n i t r o g e n as an upper l i m i t t h e s e o b s e v a t i o n s 
and t r e n d s p r e s e n t a s e r i o u s w ater r e s o u r c e p o l l u t i o n problem. 
9.3 NITROGEN IN THE ENVIRONMENT 
The p r i m a r y s o u r c e o f n i t r o g e n i s a t m o s p h e r i c 
d i n i t r o g e n g a s . A r e l a t i v e l y s m a l l number o f org a n i s m s d i r e c t l y 
f i x d i n i t r o g e n i n t h e s o i l . A s m a l l amount o f n i t r o g e n i s f i x e d 
by e l e c t r i c a l s t o r m s b ut c h e m i c a l l y f i x e d n i t r o g e n a p p l i e d as 
i n o r g a n i c f e r t i l i z e r i s an i n c r e a s i n g l y i m p o r t a n t s o u r c e . 
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The top 150 mm or so of s o i l c o n t a i n s 0.075% to 0.5% 
n i t r o g e n e q u i v a l e n t t o 1500 t o 10000 kg/ha. L i g h t c u l t i v a t e d 
s o i l s have t h e l o w e s t n i t r o g e n c o n t e n t , heavy c l a y s o i l s 
b e n e a t h permanent g r a s s and woodland the h i g h e s t . 
Most s o i l n i t r o g e n i s h e l d i n o r g a n i c m a t t e r i n a 
r e l a t i v e l y immobile form. T h i s n i t r o g e n i s g r a d u a l l y 
m i n e r a l i s e d and t o g e t h e r w i t h mobile i n o r g a n i c n i t r o g e n , i s 
t a k e n i n t o p l a n t t i s s u e s as t h e y grow. 
N i t r o g e n i m m o b i l i s e d i n p l a n t t i s s u e e n t e r s t h e food 
c h a i n of a n i m a l s where i t i s u s e d f o r growth. E v e n t u a l l y i t 
r e t u r n s t o t h e s o i l i n e x c r e t a and as dead m a t t e r . 
M i n e r a l i s e d m o b i l e n i t r o g e n i s s u b j e c t t o b i o l o g i c a l 
and c h e m i c a l d e n i t r i f i c a t i o n and may be c o n v e r t e d t o d i n i t r o g e n 
and r e t u r n e d t o the atmosphere. N i t r o g e n i n m o b i l e form i s a l s o 
s u b j e c t t o l e a c h i n g by p e r c o l a t i n g w a t e r s and can be washed 
i n t o the s u r f a c e and s u b s u r f a c e d r a i n a g e s y s t e m s . 
9.4 QUANTIFICATION OF S O I L NITROGEN SOURCES 
N i t r o g e n i s a c c u m u l a t e d i n s o i l s by f i x a t i o n , 
a d d i t i o n of a n i m a l e x c r e t a and a p p l i c a t i o n o f i n o r g a n i c 
f e r t i l i z e r s . I n p u t t o s o i l s from t h e l a t t e r s o u r c e has 
i n c r e a s e d m a r k e d l y o v e r E n g l a n d and Wales s i n c e about 194 0 as 
d e m o n s t r a t e d by e s t i m a t e s made by the C e n t r a l Water P l a n n i n g 
U n i t (1977) : 
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S o u r c e ( t h o u s a n d t onnes per annum) 
P e r i o d A t m o s p h e r i c Wastes I n o r g a n i c T o t a l 
F i x a t i o n R a i n f a l l A n i m a l s Humans F e r t i l i z e r s 
1938-39 1183 263 608 173 50 2277 
1940-49 1202 238 544 182 88 2254 
1950-59 1290 258 668 196 183 2595 
1960-69 1273 261 778 221 494 3027 
1970-72 1230 242 806 228 728 3234 
These f i g u r e s a r e c o n s i s t e n t w i t h t h e e s t i m a t e s made by Cooke 
(1976) f o r n i t r o g e n a v a i l a b i l i t y . 
R a i n f a l l on a v e r a g e o v e r E n g l a n d and Wales 
c o n t r i b u t e s about 16 kg/ha e a c h y e a r . Such e s t i m a t e s can be 
o b t a i n e d from r e c o r d s of r a i n f a l l q u a n t i t y and c h e m i c a l 
q u a l i t y . The a r e a l v a r i a t i o n o f q u a n t i t y i s documented by the 
M e t e o r o l o g i c a l O f f i c e . S u r v e y s o f r a i n w a t e r c h e m i c a l q u a l i t y 
have been c a r r i e d o u t by Lawes e t a l ( 1 8 8 2 ) , S t e v e n s o n (1968) 
and Cawse ( 1 9 7 4 ) . A l l have the same b r o a d c o n c l u s i o n s . R a i n f a l l 
i n r u r a l a r e a s c o n t a i n s from 1 mg/1 n i t r o g e n i n t h e w est t o 2 
mg/1 i n more e a s t e r n a r e a s . Urban a r e a s r e c e i v e an a d d i t i o n a l 
c o n c e n t r a t i o n o f about 4 mg/1 over r u r a l a r e a s . 
B i o l o g i c a l f i x a t i o n 
E n g l a n d and Wales a v e r a g e s the 
amount f i x e d l o c a l l y i s h e a v i l y 
o f a t m o s p h e r i c d i n i t r o g e n over 
e q u i v a l e n t o f 80 kg/ha. The 
dependent on the v e g e t a t i o n : 
Land use N f i x e d R e f e r e n c e 
(kg/ha) 
T i l l a g e 50 A l l i s o n (1965) 
C l o v e r & r o t a t i o n g r a s s e s 250 H e n z e l l & N o r r i s ( 1 9 6 2 ) 
Permanent g r a s s 75 Whitehead (1970) 
Rough g r a z i n g 75 S t e w a r t (1966) 
Urban 0 Whitehead (1970) 
Woodland & o t h e r r u r a l l a n d 75 J e n k i n s o n ( P e r s . Comm.) 
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Waste s o u r c e s of n i t r o g e n from r e c y c l e d a n i m a l 
e x c r e t a depend on p o p u l a t i o n and have shown a p r o g r e s s i v e 
i n c r e a s e from an a v e r a g e o f about 50 kg/ha p r i o r t o 194 0 t o 
about 70 kg/ha by t h e m i d - s e v e n t i e s . These e s t i m a t e s a r e b a s e d 
on the work o f Cooke (1976) : 
A nimal t y p e N p r o d u c t i o n (kg/head) 
C a t t l e 50 
P i g s 18 
Sheep 10 
Humans 4.5 
P o u l t r y 0.3 
I n o r g a n i c f e r t i l i z e r a p p l i c a t i o n t o s o i l has 
i n c r e a s e d v e r y m a r k e d l y s i n c e 194 0 when t h e a v e r a g e o v e r 
E n g l a n d and Wales was about 4 kg/ha t o about 50 kg/ha by t h e 
m i d - s e v e n t i e s . L o c a l a p p l i c a t i o n r a t e s depend on farm t y p e as 
d e f i n e d by Church e t a l (1968) and c r o p t y p e . T y p i c a l 
a p p l i c a t i o n r a t e s f o r a r a b l e , mixed a r a b l e / d a i r y , d a i r y and 
l i v e s t o c k and u p l a n d farms a r e g i v e n i n F i g . 9.1 f o r the p e r i o d 
1944 to 1970 a f t e r Y a t e s and Boyd ( 1 9 6 4 ) , C h u r c h and Webber 
(1971) and Y a t e s e t a l ( 1 9 4 4 ) . 
The i n f o r m a t i o n s o u r c e s above, t o g e t h e r w i t h l a n d use 
and l i v e s t o c k p o p u l a t i o n s t a t i s t i c s , e n a b l e e s t i m a t e s of 
n i t r o g e n s o u r c e s t o the s o i l t o be made ov e r any s u b - a r e a f o r 
which the s t a t i s t i c s a r e a v a i l a b l e . 
9.5 LUMPED-PARAMETER SYSTEM MODEL 
A s y s t e m dynamics model t o p r e d i c t s u r f a c e and 
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groundwater n i t r o g e n c o n c e n t r a t i o n s c a l l e d NIPREM has been 
d e v i s e d . P r e c u r s o r s o f t he p r e s e n t model have been d e s c r i b e d by 
Reeves (1977) and t h e C e n t r a l Water P l a n n i n g U n i t ( 1 9 7 7 ) . 
The computer program, g i v e n i n Appendix I I , i s 
w r i t t e n i n BASIC and i s s e l f e x p l a n a t o r y . User i n p u t i s 
prompted but d e f a u l t v a l u e s of a l l p a r a m e t e r s and c o n s t a n t s a r e 
s u p p l i e d t o g e t h e r w i t h a d e f a u l t d a t a s e t . The program NIPREM 
was w r i t t e n f o r i m p l i m e n t a t i o n on a s m a l l microcomputer but 
would a l s o r un on a mainframe computer w i t h minor amendments. 
No g r a p h i c a l o u t p u t i s u s e d t o e a s e program t r a n s f e r b ut VDU 
d i s p l a y r o u t i n e s s p e c i f i c t o t h e E x i d y S o r c e r e r microcomputer 
have been w r i t t e n . 
The s y s t e m model i s i n two d i s t i n c t p a r t s . A s o i l 
n i t r o g e n b a l a n c e model which computes t h e amount of n i t r o g e n 
l e a c h e d and a h y d r o l o g i c a l model w h i c h s i m u l a t e s r u n o f f , 
u n s a t u r a t e d and s a t u r a t e d groundwater f l o w . 
9.6 SOIL NITROGEN MODEL ELEMENT 
A s c h e m a t i c r e p r e s e n t a t i o n o f t h e p r o c e s s e s 
c o n s i d e r e d by t he model i s g i v e n i n F i g . 9.2. The i n p u t s a r e 
s u b - d i v i d e d i n t o m o b i l e and immobile forms o f n i t r o g e n and 
t r a n s l a t e d i n t o o u t p u t s by a s e r i e s o f s i m p l e e q u a t i o n s . I n 
f o r m l a t i n g t h e s e e m p i r i c a l e q u a t i o n s v e r y s i m p l e f u n c t i o n s were 
used wherever p o s s i b l e . 
B i o l o g i c a l l y f i x e d d i n i t r o g e n was assumed t o e n t e r 
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the system i n immobile o r g a n i c form and was i n c o r p o r a t e d i n t o 
t h e ' p o o l ' o f n i t r o g e n p r e s e n t i n s o i l o r g a n i c m a t t e r (SOM). 
Whitehead (1970) suggests t h a t n a t u r a l d i n i t r o g e n f i x a t i o n i s 
supressed by t h e a d d i t i o n o f some n i t r o g e n o u s f e r t i l i z e r s and 
s t i m u l a t e d by o t h e r s . Q u a n t i t a t i v e data was n o t a v a i l a b l e and 
i t was i n i t i a l l y assumed t h a t s u p p r e s s i o n and s t i m u l a t i o n 
e f f e c t s c o u l d be n e g l e c t e d . To a l l o w f o r t h e e f f e c t , i t i s 
suggested t h a t t h e e s t i m a t e o f f i x e d n i t r o g e n be m u l t i p l i e d by 
the r a t i o o f o r g a n i c t o i n o r g a n i c i n p u t s r a i s e d t o some power : 
K4 
FE = ((AF + AW)/(K5.RI + F I ) ) (9.1) 
where FE i s t h e f i x a t i o n enhancement f a c t o r , 
AF r e p r e s e n t s t h e b i o l o g i c a l f i x a t i o n i n p u t i n kg/ha, 
AW r e p r e s e n t s t h e o r g a n i c animal waste i n p u t i n kg/ha, 
RI r e p r e s e n t s t h e i n o r g a n i c r a i n f a l l i n p u t i n kg/ha, 
F I r e p r e s e n t s t h e i n o r g a n i c f e r t i l i z e r i n p u t i n kg/ha, 
and K4 and K5 are e m p i r i c a l , c a l i b r a t i o n p a r ameters. 
The power K4 may be s e t t o a number v e r y much l e s s t h a n one t o 
leave AF v i r t u a l l y unchanged. I n c r e a s i n g K4 i n c r e a s e s t h e 
s t r e n g t h o f t h e s u p p r e s s i o n - s t i m u l a t i o n e f f e c t . Values o f K4 
g r e a t e r than one are n o t p e r m i t e d . K5 i s s e t d u r i n g t h e 
c a l i b r a t i o n p r o c e d u r e and a l l o w s w e i g h t i n g o f t h e n i t r o g e n 
r e c e i v e d i n n a t u r a l r a i n f a l l . Since r a i n f a l l i s necessary t o 
m o b i l i s e i n o r g a n i c f e r t i l i z e r n i t r o g e n , t h i s w e i g h t i n g 
parameter was i n c o r p o r a t e d and was found e m p i r i c a l l y t o be 
e s s e n t i a l f o r s u c c e s s f u l c a l i b r a t i o n . A v a l u e o f about 3 i s 
normal. 
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I n p u t s from animal wastes were assumed t o be p a r t l y 
m o b i l e and p a r t l y i m m o b i l e . V o l a t i l i s a t i o n l o s s e s were 
e s t i m a t e d u s i n g data d e r i v e d from G a r d i n e r (1965) and 
Richardson ( 1 9 7 6 ) . The p a r t i t i o n o f t h e remainder was based on 
the data o f Berryman (1970) and t h e h u m i f i c a t i o n c o e f f i c i e n t s 
g i v e n by Kolenbrander ( 1 9 7 4 ) . I n p u t s f r o m r a i n f a l l and 
i n o r g a n i c f e r t i l i z e r sources are assumed t o be w h o l l y m o b i l e . 
M i n e r a l i s a t i o n o f SOM makes a f u r t h e r c o n t r i b u t i o n t o 
t h e m o b i l e ' p o o l ' . The p r o p o r t i o n o f SOM m i n e r a l i s e d i n c r e a s e s 
w i t h t h e volume o f i n f i l t r a t i o n and depends h e a v i l y on s o i l 
t y p e . Annual p r o p o r t i o n s between 0.5 and 4% are observed f o r 
B r i t i s h s o i l , t h e lower v a l u e s b e i n g a s s o c i a t e d w i t h c l a y s o i l s 
and t h e h i g h e r v a l u e s w i t h l i g h t sandy s o i l s a c c o r d i n g t o 
T i n s l e y ( 1 9 6 9 ) . A s u i t a b l e f u n c t i o n was d e t e r m i n e d by t r i a l and 
e r r o r experiment t o be : 
K1/SQR(PH) 
FS = K6.(RR/RA).EXP(-(K5*RI + F I ) ) (9.2) 
where FS i s t h e p r o p o r t i o n m i n e r a l i s e d a n n u a l l y , 
RR i s t h e annual r e s i d u a l r a i n f a l l i n mm, 
RA i s t h e l o n g t e r m average annual r a i n f a l l i n mm, 
PH i s t h e s o i l e f f e c t i v e g r a i n s i z e i n mm, 
EXP i s t h e e x p o n e n t i a l f u n c t i o n , 
SQR i s t h e square r o o t f u n c t i o n , 
and K l , K5 and K6 are e m p i r i c a l , c a l i b r a t i o n p a r ameters. 
The e m p i r i c a l c o n s t a n t s K l , K5 and K6 are d e t e r m i n e d by t h e 
c a l i b r a t i o n p r o c e d u r e . K5 a l s o appears i n e q u a t i o n (9.1) and i s 
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a w e i g h t i n g f a c t o r f o r n a t u r a l r a i n f a l l n i t r o g e n . K6 determines 
t h e maximum v a l u e o f t h e f u n c t i o n and K l t h e s e n s i t i v i t y t o 
s o i l t y p e . C l a s s i f i c a t i o n o f s o i l t y p es i n England and Wales 
are g i v e n by Avery e t a l (1975) and c o r r e s p o n d i n g g u i d e v a l u e s 
f o r e f f e c t i v e g r a i n s i z e s have been e s t i m a t e d ( i n m i l l i m e t r e s ) 
based on t h e c l a s s i f i c a t i o n o f Chiang and Petersen (1970) : 
I I I I I I IV V V I V I I 
S o i l t e x t u r e W e l l - d r a i n e d Mod Mod-poor Poor V.poor 
deep mod s h a l l d r a i n d r a i n d r a i n d r a i n 
> lm .5-lm <.5m 
Clays .002 .001 .001 .001 .001 .001 .001 
S i l t s , l o a m s , .05 .02 .02 .02 .01 .01 .001 
mixed s a n d - c l a y 
S i l t s , l o a m s on .05 .05 .02 .02 .01 .01 .001 
f r a c t u r e d r o c k 
W e l l - s o r t e d .2 .2 .2 .2 .1 .1 .001 
s a n d s , g r a v e l s 
Sands,gravels o n . 5 .5 .5 .5 .2 .1 .001 
f r a c t u r e d r o c k 
The s o i l t e x t u r e t y p e c l a s s i f i c a t i o n i s based on t h e UCS sub-
d i v i s i o n s shown i n F i g . 9.3. A s s i g n i n g a s i n g l e v a l u e f o r t h e 
parameter PH i s d i f f i c u l t and t h e t a b u l a t e d v a l u e s are d esigned 
t o a c t as a s t a r t i n g p o i n t f o r model c a l i b r a t i o n . The 
s i g n i f i c a n c e o f s o i l d r a i n a g e c h a r a c t e r i s t i c s i s v e r y i m p o r t a n t 
s i n c e p o o r l y d r a i n e d s o i l s are c h a r a c t e r i s e d by h i g h f i n e s 
c o n t e n t s even when o f an apparent sandy or g r a v e l l y n a t u r e . 
Some l a b o r a t o r y d e t e r m i n e d v a l u e s o f e f f e c t i v e g r a i n s i z e s are 
a u s e f u l a d j u n c t i n t h e e s t i m a t i o n o f PH : 
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S o i l Type L o c a l i t y E f f e c t i v e 
g r a i n s i z e (mm) 
Beach sand H a r t l e p o o l 0.07 
Beach sand Seaham Harbour 0.2 
Coarse brown sand L e i g h t o n Buzzard 0.58 
Medium coarse w h i t e sand L e i g h t o n Buzzard 0.33 
P o o r l y graded r i v e r sand Durham 0.1 
Sandy g r a v e l ? 0.3 5 
U n c o n s o l i d a t e d sands H e t t o n - l e - H o l e 0.34-0.80 
U n c o n s o l i d a t e d sand Frodsham 0.40 
Sandy loam ? 0.03 5 
S i l t c l a y / l o a m ? <0.005 
S i l t y c l a y B i r t l e y 0.004 
S i l t y c l a y ? 0.001 
The major process o f uptake o f m o b i l e n i t r o g e n i s by 
m e t a b o l i c usage by p l a n t s . The p r o p o r t i o n u t i l i s e d i n t h i s way 
i s a f u n c t i o n o f c r o p t y p e and a p p r o p r i a t e uptake f a c t o r s were 
gleaned from t h e e x p e r i m e n t a l data o f Johnston (1976) and 
Whitehead ( 1 9 7 0 ) . P a r t o f t h e m o b i l e n i t r o g e n r e m a i n i n g a f t e r 
p l a n t uptake i s l e a c h e d . An e m p i r i c a l e q u a t i o n was d e v i s e d t o 
reproduce t h e l e a c h i n g r a t e s r e p o r t e d by Kolenbrander (1973) as 
a f u n c t i o n o f s o i l t y p e , r e s i d u a l r a i n f a l l and n i t r o g e n s o u r c e . 
The f u n c t i o n chosen was o f the form : 
FM = TANTH(K2.RR.SQR(PH).(RR/RA)) (9.3) 
where FM i s t h e f r a c t i o n o f r e m a i n i n g m o b i l e n i t r o g e n l e a c h e d , 
RR i s t h e annual r e s i d u a l r a i n f a l l i n mm, 
PH i s t h e e f f e c t i v e g r a i n s i z e o f t h e s o i l i n mm, 
RA i s t h e average annual r e s i d u a l r a i n f a l l i n mm, 
TANTH i s t h e h y p e r b o l i c t a n g e n t f u n c t i o n , 
SQR i s t h e square r o o t f u n c t i o n , 
and K2 i s an e m p i r i c a l , c a l i b r a t i o n parameter. 
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The c o n s t a n t K2 i s d e t e r m i n e d e m p i r i c a l l y from t he observed 
d a t a . The TANTH f u n c t i o n ensures t h a t FM l i e s between 0 and 1 
and i s s i g m o i d a l i n fo r m . 
Any r e s i d u a l m o b i l e n i t r o g e n a f t e r l e a c h i n g i s 
assumed t o be r e t a i n e d i n the s o i l . There i s v e r y l i t t l e 
e m p i r i c a l data a v a i l a b l e on r a t e s o f d e n i t r i f i c a t i o n b u t t h e 
model p e r m i t s an annual percentage l o s s t o occur a t d i f f e r e n t 
r a t e s f o r t h e u n s a t u r a t e d and s a t u r a t e d zones. A p r o p o r t i o n o f 
t h a t m o b i l e n i t r o g e n removed i n p l a n t g r o w t h i s r e t u r n e d t o t h e 
s o i l a f t e r h a r v e s t i n g as immobile o r g a n i c d e b r i s . The f r a c t i o n 
o f m a t e r i a l removed was e s t i m a t e d from t h e r e p o r t o f Johnston 
(1976) and added t o t h e immobile SOM ' p o o l ' . 
The model as d e s c r i b e d o p e r a t e s on an annual b a s i s 
b u t can be m o d i f i e d t o o p e r a t e on any time s t e p f o r which d a t a 
can be o b t a i n e d . A l l t h e f u n c t i o n s d e s c r i b e d above are a r b i t a r y 
and are suggested as r e a s o n a b l e m a t h e m a t i c a l r e p r e s e n t a t i o n s o f 
e m p i r i c a l o b s e r v a t i o n . They are however o n l y s u g g e s t i o n s and 
users may w i s h t o r e p l a c e or m o d i f y them. 
9.7 SOIL NITROGEN MODEL ELEMENT CALIBRATION AND VALIDATION 
I n o r d e r t o a s s i g n v a l u e s t o t h e v a r i o u s c o n s t a n t s i n 
the e m p i r i c a l e q u a t i o n s some s i m p l e systems on which d e t a i l e d 
measurements were a v a i l a b l e were s i m u l a t e d . The two systems 
used f o r t h i s purpose were t he Broadbalk c o n t i n u o u s wheat 
experiment d e s c r i b e d by Johnston and Garner (1969) and t h e Park 
grass e x p e r i m e n t d e s c r i b e d by Warren and Johnston (1964). The 
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v a l u e s o f c o n s t a n t s were a d j u s t e d so t h a t model v a l u e s o f SOM, 
c r o p uptake o f n i t r o g e n , l e a c h i n g l o s s e s , and o t h e r l o s s e s were 
i n b r oad agreement w i t h t h e o b s e r v a t i o n s . 
C a l i b r a t i o n Run 1 : Broadbalk Continuous Wheat Experiment 
F i e l d d a ta Model r e s u l t s 
N i t r o g e n source (kg/ha/a) (kg/ha/a) 
U n f e r t F e r t U n f e r t F e r t 
Atmospheric f i x a t i o n ? ? 55 54 
R a i n f a l l 5 5 5 5 
Animal wastes -
I n o r g a n i c f e r t i l i z e r - 145 - 145 
TOTAL INPUT 5+ 150+ 60 204 
Crop uptake 25 78 24 79 
D e n i t r i f i c a t i o n e t c ? ? 22 78 
Leaching 12 4 8 13 4 8 
TOTAL OUTPUT 3 7+ 12 6+ 5 9 205 
S o i l n i t r o g e n 3108 3428 3111 3413 
The s l i g h t i n b a l a n c e between model i n p u t s and o u t p u t s i s due t o 
r o u n d i n g t o t h e n e a r e s t i n t e g e r f o r the t a b u l a t i o n . 
C a l i b r a t i o n Run 2 : Park Grass Experiment 
F e r t i l i z e r A p p l i c a t i o n Crop Recovery (kg/ha/a) 
(kg/ha/a) Observed M o d e l l e d 
74 78 
145 203 186 
290 304 294 
435 395 403 
The c a l i b r a t i o n runs e n a b l e d values t o be a s s i g n e d t o the 
e m p i r i c a l parameters K l t o K6 and f o r r e a s o n a b l e agreement t o 
be o b t a i n e d between model and o b s e r v a t i o n . 
V a l i d a t i o n o f t h e model was a c h e i v e d by t e s t i n g t h e 
performance o f t h e model on e x p e r i m e n t s n o t used i n t h e 
c a l i b r a t i o n p r o c e d u r e . The H o o s f i e l d c o n t i n u o u s b a r l e y 
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experiment d e s c r i b e d by Warren and Johnston (196 7) and t h e 
e x p e r i m e n t a l g r a s s l a n d systems d e s c r i b e d by Whitehead (1970) 
were used i n t h i s case. 
V a l i d a t i o n Run 1 : H o o s e f i e l d Continuous B a r l e y Experiment 
F e r t i l i z e r A p p l i c a t i o n Crop Recovery (kg/ha/a) 
(kg/ha/a) Observed M o d e l l e d 
38 37 
48 57 63 
96 90 88 
144 110 114 
No parameter a d j u s t m e n t was p e r m i t t e d a f t e r t h e i n i t i a l 
c a l i b r a t i o n runs and t h e ' f i t ' o f t h e v a l i d a t i o n r u n i s a 
re a s o n a b l y i d ependent t e s t o f t h e model. 
V a l i d a t i o n Run 2 : Whitehead Grassland System 
N i t r o g e n source 
Atmospheric f i x a t i o n 
R a i n f a l l 
Animal wastes 
I n o r g a n i c f e r t i l i z e r 
TOTAL INPUT 
Crop uptake 
D e n i t r i f i c a t i o n e t c 
Leaching 
TOTAL OUTPUT 
Net g a i n t o s o i l 
F i e l d data 
(kg/ha/a) 
No Ino Org Both 
F e r t F e r t F e r t F e r t 
290 10 280 10 
10 10 10 10 
- - 180 220 
- 340 - 340 
300 360 470 580 
200 235 245 300 
0 55 90 170 
0 10 0 15 
200 300 335 485 
100 60 135 95 
Model r e s u l t s 
(kg/ha/a) 
No I n o Org Both 
F e r t F e r t F e r t F e r t 
290 10 282 10 
10 10 10 10 
- - 180 220 
— 340 — 340 
300 360 472 580 
202 236 239 288 
0 63 63 158 
0 10 0 22 
202 309 302 468 
98 51 170 112 
The agreement between model and o b s e r v a t i o n i s a c c e p t a b l e 
b e a r i n g i n mind t he u n c e r t a i n t i e s i n h e r e n t i n t h e o b s e r v a t i o n s . 
By ' f i n e t u n i n g ' t h e e m p i r i c a l parameters an improved ' f i t ' 
c o u l d be o b t a i n e d b u t c o u l d n o t be j u s t i f i e d by the r e l i a b i l i t y 
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o f t h e da t a used i n c a l i b r a t i o n and v a l i d a t i o n . S i m i l a r ' f i t s ' 
were o b t a i n e d d u r i n g c a l i b r a t i o n and v a l i d a t i o n o f a p r e c u r s o r 
o f NIPREM i s f u l l y documented i n t h e r e p o r t o f t h e C e n t r a l 
Water P l a n n i n g U n i t ( 1 9 7 7 ) . 
9.8 HYDROLOGICAL MODEL ELEMENT 
Leached n i t r o g e n l e a v i n g t h e s o i l must pass down 
th r o u g h t h e u n s a t u r a t e d a q u i f e r t o t h e s a t u r a t e d zone or r u n 
o f f t o a s u r f a c e w a t e r c o u r s e . The p r e c i s e mechanism o f 
u n s a t u r a t e d f l o w , p a r t i c u l a r l y i n r e l a t i o n t o t h e Chalk 
a q u i f e r , i s i n doubt. The r e l a t i v e m e r i t s o f t h e ' p i s t o n 
d i s p l a c e m e n t ' model o f Smith e t a l (1970) and t h e ' p o r e - f i s s u r e 
d i f f u s i o n ' model o f F o s t e r (1975) have been d i s c u s s e d by Reeves 
(19 7 9 ) . However the f l o w o c c u r s , i t i s l i k e l y t h a t t h e observed 
e f f e c t s are r a t h e r s i m i l a r and can be r e p r e s e n t e d by a slow 
downward d i s p l a c e m e n t o f n i t r a t e w i t h a p r o p o r t i o n o f r a p i d 
d i r e c t f i s s u r e f l o w t o t h e s a t u r a t e d zone. 
The u n s a t u r a t e d f l o w model thus comprises : a 
downward d i s p l a c e m e n t element, r e p r e s e n t i n g i n t e r g r a n u l a r f l o w ; 
and a bypass eleme n t , r e p r e s e n t i n g f i s s u r e f l o w . For each t i m e 
i n c r e m e n t i n t h e model, a p r o p o r t i o n o f t h e f l o w i s d i s p l a c e d 
downwards a d i s t a n c e dependent on t h e q u a n t i t y o f f l o w and t h e 
a q u i f e r i n t e r g r a n u l a r e f f e c t i v e p o r o s i t y . T h i s a d d i t i o n t o t h e 
to p o f the u n s a t u r a t e d 'column' causes an equa l volume t o be 
d i s p l a c e d i n t o t h e s t u r a t e d zone a t t h e base o f t h e 'column'. 
The remainder o f the f l o w i s assumed t o t r a v e l as a r a p i d 
f i s s u r e component b y p a s s i n g t h e di s p l a c e m e n t column. The model 
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i s i l l u s t r a t e d i n F i g . 9.4. 
The s a t u r a t e d zone model i s r e p r e s e n t e d by a 
1 homogenised r e s e r v o i r ' . A d d i t i o n s are made by d i s p l a c e m e n t or 
bypass f l o w from t h e u n s a t u r a t e d zone and t h e average n i t r o g e n 
c o n t e n t o f the ' r e s e r v o i r 1 r e c a l c u l a t e d a f t e r each a d d i t i o n . 
The s o i l r u n o f f and groundwater d i s c h a r g e i n each 
ti m e i n c r e m e n t are combined t o e s t i m a t e s u r f a c e water q u a l i t y . 
The p r o p o r t i o n o f r u n o f f f l o w t o p e r c o l a t i o n may be s p e c i f i e d 
as d a t a . 
I n summary, t h e model f o r r u n - o f f , u n s a t u r a t e d f l o w 
and s a t u r a t e d groundwater f l o w thus p r o v i d e s : 
1. a p r o f i l e o f n i t r a t e c o n t e n t t h r o u g h t h e u n s a t u r a t e d 
zone , 
2. an e s t i m a t e o f n i t r a t e c o n t e n t i n s a t u r a t e d groundwater 
f l o w , made up o f slow d i s p l a c e m e n t and r a p i d bypass ele m e n t s , 
3. an e s t i m a t e o f r i v e r water n i t r a t e c o n t e n t , made up o f 
run o f f and groundwater f l o w elements. 
The model i s t h u s v e r y s i m p l e and a d d i t i o n a l s o p h i s t i c a t i o n s 
can be i n c o r p o r a t e d i f the usage and a v a i l a b l e data w o u l d 
j u s t i f y t h e i n c r e a s e d c o m p l e x i t y . 
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156 
9.9 HYDROLOGICAL MODEL ELEMENT CALIBRATION AND VALIDATION 
Parameter v a l u e s f o r the h y d r o l o g i c a l model can be 
r e a d i l y e s t i m a t e d from t h e c h a r a c t e r i s t i c s o f r i v e r s and 
a q u i f e r s . The u n s a t u r a t e d zone n i t r a t e p r o f i l e s r e p o r t e d by 
Young e t a l (1976) p r o v i d e d s u i t a b l e data f o r c a l i b r a t i o n and 
v a l i d a t i o n o f the u n s a t u r a t e d zone and groundwater elements. 
The r e s u l t s o f a v a l i d a t i o n r u n are p l o t t e d i n F i g . 9.5. The 
p r o f i l e i s s i m u l a t e d f o r t h e New Hampshire N o r t h F i e l d o f 
B r i d g e t ' s Farm. NIPREM was r u n from a model s t a r t t i m e o f about 
193 5 i n o r d e r t o o b t a i n t h e 1974 p r o f i l e shown i n t h e f i g u r e . 
P r i o r t o t h e mo d e l l e d t i m e i n t e r v a l an e q u i l i b r i u m c e r e a l 
growing system was assumed. The p r e d i c t e d n i t r a t e p r o f i l e i s i n 
g e n e r a l agreement w i t h t h e o b s e r v a t i o n s , p a r t i c u l a r l y when 
sampling v a r i a b i l i t y and d a t a r e l i a b i l i t y are c o n s i d e r e d . 
The r i v e r water q u a l i t y model was c a l i b r a t e d and 
v a l i d a t e d u s i n g t h e e m p i r i c a l o b s e r v a t i o n s o f Tomlinson ( 1 9 7 0 ) . 
F i g u r e 9.6 shows t h e r e s u l t s o f an a t t e m p t t o s i m u l a t e n i t r a t e 
l e v e l s i n t h e Essex R i v e r Stour between 1953 and 1969. The 
r i v e r r e p r e s e n t s a f a i r l y t y p i c a l e a s t e r n England Chalk 
catchment. For t h e s i m u l a t i o n , r a i n f a l l d a ta was t a k e n from 
B r i t i s h R a i n f a l l (193 9-69) and f e r t i i z e r a p p l i c a t i o n r a t e s f o r 
a r a b l e l a n d were e s t i m a t e d from F i g . 9.1. The agreement between 
model and o b s e r v a t i o n was c o n s i d e r e d s a t i s f a c t o r y . 
9.10 PARAMETER SENSITIVITY CONSIDERATIONS 
The models c o n t a i n a v e r y l a r g e number o f pa r a m e t e r s , 
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over 25, and d i s c u s s i o n o f a f u l l s e n s i t i v i t y a n a l y s i s i s n o t 
f e a s i b l e . The model can o f course be used t o check any 
parameter c a u s i n g concern. Some parameters, however, those 
l e a s t w e l l known w i t h h i g h s e n s i t i v i t y i n r e s p e c t o f SOM 
n i t r o g e n and leached n i t r o g e n , are w o r t h y o f d i s c u s s i o n t o draw 
a t t e n t i o n t o c r i t i c a l p a r t s o f t h e model where care i s needed 
i n i t s a p p l i c a t i o n . E q u a t i o n s ( 9 . 1 ) , (9.2) and (9.3) are 
p a r t i c u l a r l y d i f f i c u l t t o c a l i b r a t e and are d i s c u s s e d v e r y 
b r i e f l y . 
I n e q u a t i o n (9.1) t h e r e i s l i t t l e d ata t o s u p p o r t any 
l a r g e v a r i a t i o n i n FE, thus t h e v a l u e o f K4 s h o u l d be s m a l l 
( < 0 . 1 ) . I n c r e a s i n g K4 has t h e e f f e c t o f i n c r e a s i n g t h e n i t r o g e n 
f i x e d i n t h e system and i n p a r t i c u l a r the SOM n i t r o g e n l e v e l . 
The v a l u e f o r K5 i s n o r m a l l y about 3 and i s more e a s i l y f i x e d 
i n e q u a t i o n (9.2) s i n c e FE i s n o r m a l l y assumed t o be c l o s e t o 
u n i t y . 
I n e q u a t i o n ( 9 . 2 ) , K l and K6 can be q u i t e c l o s e l y 
f i x e d i n o r d e r t o s i m u l a t e t h e e m p i r i c a l o b s e r v a t i o n s o f 
m i n e r a l i s a t i o n r a t e s b u t SOM n i t r o g e n and l e a c h a t e n i t r o g e n are 
v e r y s e n s i t i v e t o the v a l u e o f FS. K5 i s r e a d i l y f o u n d i f data 
w i t h and w i t h o u t f e r t i l i z e r a p p l i c a t i o n i s a v a i l a b l e . 
I n e q u a t i o n (9.3) the v a l u e o f K2 can be d e r i v e d by 
u s i n g t h e f u n c t i o n t o s i m u l a t e e m p i r i c a l o b s e r v a t i o n b u t 
l e a c h a t e n i t r o g e n i s v e r y s e n s i t i v e t o the v a l u e o f FM which 
l a r g e l y depends i n t u r n on t h e v a l u e o f t h e g r a i n s i z e 
parameter PH. 
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Both e q u a t i o n ( 9 . 2 ) and ( 9 . 3 ) c o n t a i n t h e s o i l g r a i n 
s i z e terra PH. I n both c a s e s t h e s q u a r e r o o t f u n c t i o n i s used t o 
s u p p r e s s t h e f u n c t i o n s e n s i t i v i t y t o t h e p a r a m e t e r . A LOG 
f u n c t i o n , f o r example, c o u l d have been ch o s e n t o g i v e a s i m i l a r 
e f f e c t . The f u n c t i o n s f o r F E , FS and FM a r e not s a c r o s a n c t and 
i f t h e y a r e found w a n t i n g t h e y s h o u l d be amended to a more 
s u i t a b l e form. Any changes made i n e i t h e r t h e form of e q a u t i o n s 
or p a r a m e t e r s i n the model make i t n e c e s s a r y t o r e p e a t t h e 
c a l i b r a t i o n and v a l i d a t i o n p r o c e d u r e s . 
A d d i t i o n a l p a r a m e t e r s r e l a t i n g t o u p take o f n i t r o g e n 
by v a r i o u s c r o p s a r e i n c l u d e d i n t h e model and can be a d j u s t e d 
t o a l i m i t e d e x t e n t . The l i s t i n g of NIPREM i n Appendix I I 
c o n t a i n s a l l the p a r a m e t e r v a l u e s u s e d i n t h e c a l i b r a t i o n and 
v a l i d a t i o n r u n s t h a t have been d i s c u s s e d . DATA s t a t e m e n t s 
p r e f a c e d by REM s t a t e m e n t s a r e u s e d t o c a r r y most o f t h i s 
i n f o r r a a t i o n . 
9.11 APPLICATION OF NIPREM FOR PRACTICAL PREDICTIONS 
NIPREM i s d e s i g n e d t o be o f use i n s t u d i e s of t h e 
e n v i r o n m e n t a l e f f e c t of changes i n l a n d use and f e r t i l i z e r 
usage i n r e s p e c t o f s o i l and w a t e r n i t r o g e n . I t i s recommended 
t h a t the model be c a l i b r a t e d and v a l i d a t e d on i n d e p e n d e n t d a t a 
s e t s f o r any a p p l i c a t i o n . The q u a l i t y o f any p r e d i c t i o n s i s 
l a r g e l y dependent on t h e q u a l i t y of the c a l i b r a t i o n - v a l i d a t i o n 
p r o c e d u r e . The l e v e l of SOM n i t r o g e n ( t h e p a r a m e t e r SN) t e n d s 
t o a c o n s t a n t v a l u e i n s y s t e m s i n e q u i l i b r i u m . The model f i n d s 
t h e e q u i l i b r i u m v a l u e f o r t h e i n i t i a l i n p u t d a t a by i t e r a t i o n . 
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T h i s v a l u e i s o f t e n known o r can be e s t i m a t e d t o check model 
p e r f o r m a n c e . E l e m e n t s of the model may be m o d i f i e d t o e x c l u d e 
u n n e c e s s a r y p a r a m e t e r s o r i n c l u d e new p a r a m e t e r s as r e q u i r e d . 
The time i n c r e m e n t used i n NIPREM i s one y e a r b ut m i n i m a l 
amendment i s needed f o r t h e program t o o p e r a t e on d a i l y , w e e k l y 
or monthly d a t a . 
A f o r e r u n n e r of NIPREM was used t o p r e d i c t n a t i o n a l 
t r e n d s i n s u r f a c e and groundwater n i t r a t e c o n t e n t s as r e p o r t e d 
by t h e C e n t r a l Water P l a n n i n g U n i t ( 1 9 7 7 ) . NIPREM i t s e l f has 
been used f o r a g r i c u l t u r a l economic s t u d i e s o f f e r t i l i z e r usage 
a t t h e U n i v e r s i t y o f M a n c h e s t e r . 
9.12 NIPREM : CONCLUSIONS 
S i m p l e lumped-parameter s y s t e m dynamics models l i k e 
NIPREM have wide a p p l i c a t i o n s i n t he f i e l d of e n v i r o n m e n t a l 
p l a n n i n g . T h e i r c o n s t r u c t i o n c l a r i f i e s and exposes i n t e r a c t i o n s 
i n complex s y s t e m s , t h e i r c a l i b r a t i o n and v a l i d a t i o n i d e n t i f i e s 
a r e a s where d a t a o r r e s e a c h i s r e q u i r e d and t h e i r p r e d i c t i v e 
use a l l o w s p o t e n t i a l e n v i r o n m e n t a l h a z a r d s t o be f o r s e e n a t an 
e a r l y s t a g e when r e m e d i a l a c t i o n i s f e a s i b l e . NIPREM i s a f i r s t 
a t t e mpt a t b r i n g i n g t o g e t h e r a s p e c t s o f a g r i c u l t u r a l s c i e n c e , 
s o i l s c i e n c e , h y d r o l o g y and geology i n a form of use t o 
r e g i o n a l and n a t i o n a l p l a n n e r s . 
162 
CHAPTER TEN 
MINES : A MODEL TO FORECAST MINE WASTEWATER QUALITY 
10.1 INTRODUCTION TO MINES 
Mining o p e r a t i o n s remove l a r g e volumes of r o c k a t or 
beneath t h e s u r f a c e and expose f r e s h r o c k s u r f a c e s t o t h e 
atmosphere both underground and i n s u r f a c e s p o i l heaps. The 
m i n e r a l s p r e s e n t a t t h e newly e x p o s e d r o c k s u r f a c e s a r e 
a b r u p t l y s u b j e c t e d t o a major change i n t h e i r c h e m i c a l and 
p h y s i c a l e n v i r o n m e n t and be c a u s e o f the d i s e q u i l i b r i u m c r e a t e d 
undergo m e c h a n i c a l and c h e m i c a l d e g r a d a t i o n . T h i s p r o c e s s i s 
c a l l e d w e a t h e r i n g and t he c h e m i c a l w e a t h e r i n g o f mine w a s t e s i s 
o f t e n a c c e l e r a t e d by t h e p a r t i a l p h y s i c a l breakdown r e s u l t i n g 
from t h e mi n i n g o p e r a t i o n . 
As a d i r e c t c o nsequence, l a r g e q u a n t i t i e s of w a t e r 
s o l u b l e compounds may be r e l e a s e d and d i s s o l v e d i n p e r c o l a t i n g 
g r o u n d w a t e r s and s u r f a c e w a t e r s . Such w a t e r s w i l l a l s o c a r r y 
away as suspended s o l i d s t h e s m a l l e r p a r t i c l e s g e n e r a t e d by 
m e c h a n i c a l and c h e m i c a l w e a t h e r i n g . The breakdown o f t he 
m i n e r a l p y r i t e i s a p a r t i c u l a r l y i m p o r t a n t a s p e c t o f w e a t h e r i n g 
i n both c o a l and m e t a l l i f e r o u s mines s i n c e a c i d f e r r u g i n o u s 
d r a i n a g e w a t e r s can be produced. 
A c i d i c and f e r r u g i n o u s d r a i n a g e w a t e r s a r e found i n a 
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number of s i t u a t i o n s i n m i n i n g o p e r a t i o n s : 
( 1 ) i n underground w o r k i n g s , 
( 2 ) i n s u r f a c e w o r k i n g s (open p i t and o p e n c a s t ) , 
( 3 ) i n and around mine s p o i l heaps, and 
( 4 ) i n and around m i n e r a l s t o c k p i l e s . 
The problem i s t h a t the s e v e r i t y of the a c i d f e r r u g i n o u s 
d r a i n a g e p o l l u t i o n depends on a l a r g e number of i n t e r r e l a t e d 
c h e m i c a l , b i o l o g i c a l and p h y s i c a l f a c t o r s i n v o l v i n g g e o l o g i c a l , 
g e o t e c h n i c a l and h y r o l o g i c a l a s p e c t s . 
MINES i s an a t t e m p t t o use some a s p e c t s o f s i m p l e 
s t a t i s t i c a l t h e o r y t o f o r e c a s t t h e l i k e l i h o o d and t y p e of 
d r a i n a g e f o r s p e c i f i c c a s e s . 
10.2 CHEMICAL CONSIDERATIONS 
Al t h o u g h the d e t a i l e d mechanism o f p y r i t e ( i n c l u d i n g 
m a r c a s i t e ) o x i d a t i o n i s not f u l l y u n d e r s t o o d , a l l a u t h o r s 
c o n c e r n e d w i t h a c i d mine d r a i n a g e problems seem t o a g r e e t h a t : 
( 1 ) o x i d a t i o n of p y r i t e { F e S 2 } i s the r o o t c a u s e of the 
problem, and 
( 2 ) o x i d a t i o n l e a d s t o the r e l e a s e o f hydrogen i o n s , and 
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f e r r i c h y d r o x i d e { F e ( 0 H ) 3 } r e s u l t i n g i n an a c i d f e r r u g i n o u s 
s o l u t i o n or s u s p e n s i o n . 
D i sagreement seems t o e x i s t o v e r the i d e n t i f i c a t i o n o f the 
o x i d i s i n g agent and the r o l e of b a c t e r i a i n the p r o c e s s . 
The most commonly a c c e p t e d s e r i e s o f c h e m i c a l 
e q u a t i o n s d e s c r i b i n g p y r i t e breakdown a c c o r d i n g t o Porges e t a l 
(1966) and Down and S t o c k (1977) may be summarised : 
( 1 ) o x i d a t i o n o f s u l p h i d e t o s u l p h a t e : 
2.Fe32 + 7.02 + 2.H20 > 2.Fe++ + H+ + 4 .S04-- (10.1) 
( 2 ) o x i d a t i o n o f f e r r o u s t o f e r r i c i r o n : 
4.Fe++ + 02 + 4.H+ > °4 .Fe+++ + 2.H20 ( 1 0 . 2 ) 
( 3 ) p r e c i p i t a t i o n o f ' o c h r e ' : 
Fe+++ + 3.H20 > F e ( 0 H ) 3 + 3.H+ ( 1 0 . 3 ) 
I n the breakdown of s e d i m e n t a r y r o c k s , the r e l e a s e of s u l p h u r i c 
a c i d r e s u l t s i n s o l u t i o n o f c a l c i u m and magnesium, p a r t i c u l a r l y 
from c a r b o n a t e s but from s i l i c a t e m i n e r a l s a l s o . I n a d d i t i o n , 
a c i d c o n d i t i o n s r e s u l t i n t h e p r e f e r e n t i a l l e a c h i n g o f any 
heavy m e t a l s ( z i n c , cadmium, n i c k e l , z i n c , e t c ) from the r o c k s . 
Hence the r e a c t i o n s r e s u l t i n an i n c r e a s e i n hydrogen, f e r r o u s , 
f e r r i c and heavy m e t a l c a t i o n s i n s o l u t i o n and s u l p h a t e a n i o n s . 
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R e a c t i o n ( 1 0 . 1 ) i s t h e c r i t i c a l s t a g e o c c u r i n g a t t h e 
s u r f a c e of t h e s o l i d c r y s t a l l i n e m i n e r a l p h a s e . R e a c t i o n s 
( 1 0 . 2 ) and ( 1 0 . 3 ) a r e r e s p o n s i b l e f o r t h e c h a r a c t e r i s t i c r e d -
brown d i s c o l o u r a t i o n o f d r a i n a g e w a t e r known as ' o c h r e ' . T h e s e 
l a t t e r r e a c t i o n s o c c u r a t s i t e s remote from t h e m i n e r a l s u r a c e 
and a c c o r d i n g t o B a r n e s and Remberger (1968) and Smith and 
Shurmate ( 1 9 7 1 ) have no b e a r i n g on the r a t e of p y r i t e 
o x i d a t i o n . 
10.3 BIOLOGICAL CONSIDERATIONS 
B a r n e s and Romberger ( 1 9 6 8 ) , Down and S t o c k s ( 1 9 7 7 ) 
and O l s o n e t a l (1979) d i s c u s s b a c t e r i a l i n v o l v e m e n t i n t h e 
o x i d a t i o n o f p y r i t e . From t h e s e d i s c u s s i o n s b a c t e r i a l 
i n v o l v e m e n t i n t he o x i d a t i o n p r o c e s s i t s e l f seems u n l i k e l y b u t 
they may w e l l a c t as c a t a l y s t s . The p r e s e n c e o f t h e b a c t e r i a 
T h i o b a c i l l u s f e r r o - o x i d a n s i s commonly a s s o c i a t e d w i t h a c i d 
mine d r a i n a g e c o n d i t i o n s and i t i s s a i d t o promote t h e more 
r a p i d o x i d a t i o n of p y r i t e . O ther b a c t e r i a found i n a c i d mine 
d r a i n a g e e n v i r o n m e n t s i n c l u d e T. t h i o - o x i d a n s and F e r r o b a c i l l u s 
f e r r o - o x i d a n s . 
C o n s i d e r a b l e c o n t r o v e r s y e x i s t s o v e r t h e o x i d i s i n g 
agent i n v o l v e d i n p y r i t e breakdown and the r o l e o f b a c t e r i a . 
B a r n e s e t a l (1964) s u g g e s t s t h a t t h e r e i s both f i e l d and 
l a b o r a t o r y e v i d e n c e f o r p y r i t e breakdown i n the ab s e n c e o f 
oxygen and Barn e s and C l a r k e ( 1 9 6 4 ) s u g g e s t t h a t w a t e r may be 
the o x i d i s i n g a g e n t . Brock and G u s t a f s o n ( 1 9 7 6 ) have p o i n t e d 
out t h e r o l e o f f e r r i c i o n s as o x i d i s i n g a g e n t s . I n an a t t e m p t 
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t o r e s o l v e t h e s e c o n f l i c t i n g v i e w s , Smith (1974) has s u g g e s t e d 
the f o l l o w i n g r e a c t i o n s equence : 
( 1 ) i n i t i a l p y r i t e o x i d a t i o n by oxygen : 
2.FeS2 + 7.02 + 2.H20 > Fe++ + 2.H+ + S 0 4 — ( 1 0 . 4 ) 
( 2 ) s l o w b a c t e r i a l o x i d a t i o n o f Fe++ by T . f e r r o - o x i d a n s : 
4.Fe++ + 02 + 4.H+ > 4.Fe+++ + 2.H20 ( 1 0 . 5 ) 
( 3 ) r a p i d use of Fe+++ t o o x i d i s e f u r t h e r p y r i t e : 
2.Fe++-h + FeS2 > 3.Fe++ + 2.S ( 1 0 . 6 ) 
( 4 ) i f 02 a b s e n t , s u l p h u r o x i d a t i o n by Fe+++ : 
2.S + 12.Fe+++ + 8.H20 > 12.Fe++ + 2 . S 0 4 — + 4,H+ ( 1 0 . 7 ) 
( 5 ) i f 02 p r e s e n t , s u l p h u r o x i d a t i o n by T . t h i o - o x i d a n s : 
2.S + 3.02 + 2.H20 > 2 . S 0 4 — + 4.H+ ( 1 0 . 8 ) 
( 6 ) o x i d a t i o n o f Fe++ as d r a i n a g e as and when Eh r i s e s : 
4.Fe++ + 02 + 10.H2O > 4.Fe(OH)3 + 8.H+ ( 1 0 . 9 ) 
Only a v e r y s m a l l amount o f oxygen i s r e q u i r e d t o i n i t i a t e 
r e a c t i o n ( 1 0 . 4 ) and r e g e n e r a t e Fe+++. B a c t e r i a s p e e d t h e 
r e a c t i o n s but a r e not e s s e n t i a l , s i m i l a r l y t h e p r e s e n c e of 
167 
e x c e s s oxygen spe e d s the r e a c t i o n b u t i s not e s s e n t i a l . 
10.4 PHYSICAL CONSIDERATIONS 
I r o n s u l p h i d e o c c u r s as two m i n e r a l s w i t h d i f f e r e n t 
c r y s t a l s t r u c t u r e s , the common m i n e r a l p y r i t e and the r a r e r 
m i n e r a l m a r c a s i t e . M a r c a s i t e a l t h o u g h r a r e i s more r e a d i l y 
o x i d i s e d t h a n p y r i t e . H e n c e f o r t h t h e term p y r i t e w i l l be u s e d 
to i m p l y both o f the i r o n s u l p h i d e m i n e r a l s . 
R e v i e w s of a c i d and f e r r u g i n o u s mine d r a i n a g e by 
B a r n e s and Romberger (1968) and G l o v e r (1976) t e n d t o be i n 
b r oad agreement on the f a c t o r s c o n t r o l l i n g t h e r a t e of the 
c r i t i c a l o x i d a t i o n r e a c t i o n ( 1 0 . 1 ) . 
The r a t e o f p y r i t e o x i d a t i o n i n c r e a s e s w i t h f a l l i n g 
g r a i n - s i z e and i n c r e a s i n g E h . L a r g e b r a s s y p y r i t e c r y s t a l s do 
not r e a d i l y o x i d i s e , whereas f o r c r u s h e d or f i n e l y d i s s e m i n a t e d 
m a t e r i a l t h e o x i d a t i o n i s v e r y f a s t . The p r e s e n c e of w a t e r a t 
the m i n e r a l s u r f a c e i n c r e a s e s t h e r a t e of r e a c t i o n but 
s a t u r a t i o n may l i m i t t h e f r e e p a s s a g e o f oxygen t o the m i n e r a l 
s u r f a c e and i n h i b i t t h e r e a c t i o n . I n c r e a s e i n t e m p e r a t u r e a l s o 
i n c r e a s e s t h e r a t e o f o x i d a t i o n , as does t h e removal of f r e e 
hydrogen i o n s . A s t e a d y f l o w o f w a t e r p a s t t h e m i n e r a l s u r f a c e 
f a v o u r s o x i d a t i o n by s u p p l y i n g f r e s h oxygen and removing t h e 
p r o d u c t s o f o x i d a t i o n w h i c h t e n d t o a c c u m u l a t e and i n h i b i t 
f u r t h e r r e a c t i o n . 
The m i n e r a l c o m p o s i t i o n o f the h o s t r o c k and 
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a s s o c i a t e d r o c k s may have an i m p o r t a n t i n f l u e n c e on the 
o x i d a t i o n r e a c t i o n r a t e . The p r e s e n c e o f c a r b o n a t e s t e n d s t o 
i n c r e a s e t h e r a t e o f p y r i t e o x i d a t i o n by removing hydrogen 
i o n s . C a r b o n a t e t e n d s t o f a v o u r the p r e c i p i t a t i o n o f o c h r e 
s i n c e f e r r o u s i o n s t a b i l i t y i s r e d u c e d as t he pH r i s e s . 
S e c o n d a r y i o n exchange r e a c t i o n s may o c c u r w i t h c l a y m i n e r a l s . 
C o a l m i n ing s p o i l heaps t e n d i n i t i a l l y t o be a l k a l i n e 
and a c i d d r a i n a g e problems may appear a f t e r a l o n g d e l a y . L a c k 
of c o m p a c t i o n , s t e e p s l o p e a n g l e s , and m i n e r a l s e g r e g a t i o n t e n d 
t o promote p y r i t e o x i d a t i o n i n o l d e r , l o o s e - t i p p e d , t a l l , 
c o n i c a l , s p o i l h e a p s. C o n t i n u a l o v e r t i p p i n g p r e v e n t e d much 
r e a c t i o n i n a l l but the f i n a l s u r f a c e l a y e r s . I n newer, 
compacted t i p s s e g r e g a t i o n i s not p r e s e n t but e x t e n d e d p e r i o d s 
between t h e placement and com p a c t i o n of l a y e r s a l l o w s o x i d a t i o n 
t o o c c u r a t more s u r f a c e s a c c o r d i n g t o S p e a r s and T a y l o r 
( 1 9 7 2 ) . S t u d i e s made on the m e c h a n i c a l breakdown o f c o l l i e r y 
s p o i l by S t r u t h e r s (1964) s u g g e s t t h a t a t y p i c a l w e a t h e r i n g 
sequence i n B r i t a i n i s : 
( 1 ) i n t e n s i v e c h e m i c a l w e a t h e r i n g i m m e d i a t e l y on e x p o s u r e 
t h e atmosphere and m o i s t u r e , 
( 2 ) g e n e r a t i o n o f l a r g e q u a n t i t i e s of s o l u b l e w e a t h e r i n g 
p r o d u c t s from a l a y e r down t o 1 to 1.5m d u r i n g t h e f i r s t y e a r , 
( 3 ) d r a i n a g e w a t e r c o n c e n t r a t i o n s a t t a i n i n g t h e i r h i g h e s t 
l e v e l s i n l a t e summer and autumn from a low i n e a r l y s p r i n g , 
( 4 ) g r a d u a l d e c l i n e i n t h e g e n e r a t i o n of s o l u b l e p r o d u c t s 
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f o l l o w i n g t h e f i r s t y e a r o f e x p o s u r e . 
S p e a r s and T a y l o r (1970) s u g g e s t t h a t t h e p h y s i c a l breakdown of 
c o l l i e r y s p o i l i s r e s t r i c t e d t o the breakdown o f a few non-
d e t r i t a l m i n e r a l s , p a r t i c u l a r l y p y r i t e , a n k e r i t e and some 
s w e l l i n g o r mixed l a y e r c l a y s . They f u r t h e r c o n c l u d e t h a t the 
r a t e of c h e m i c a l breakdown i s much l e s s t h a n t h e r a t e of 
p h y s i c a l d e g r a d a t i o n . 
Combustion i s a problem i n c o a l mines and s p o i l 
d i s c a r d heaps. The o x i d a t i o n of p y r i t e i s a v e r y s t r o n g l y 
e x o t h e r m i c r e a c t i o n and t he p r o x i m i t y t o c o m b u s t i b l e 
c a r b o n a c e o u s m a t e r i a l may l e a d t o spontaneous b u r n i n g i f t he 
h e a t g e n e r a t e d cannot be d i s s i p a t e d s u f f i c i e n t l y q u i c k l y . 
Combustion promotes t h e r a p i d o x i d a t i o n of p y r i t e and b u r n t 
s p o i l o f t e n c o n t a i n s l a r g e q u a n t i t i e s of s u l p h a t e m i n e r a l s 
w hich may be l e a c h e d by p e r c o l a t i n g w a t e r s . 
The movement of w a t e r through underground mine 
w o r k i n g s i s a complex problem. E x i t o f w a t e r from mines t a k e s 
p l a c e p r e d o m i n a n t l y be two mechanisms : 
(1) removal i n pumped a r t i f i c i a l d r a i n a g e . 
( 2 ) p e r c o l a t i o n t o t h e zone of s a t u r a t i o n and removal by 
s a t u r a t e d groundwater f l o w . 
W i t h i n a mine complex p a t t e r n s of u n s a t u r a t e d and s a t u r a t e d 
f l o w zones w i l l be c o n t i n u a l l y f l u c t u a t i n g due t o v a r i a t i o n s i n 
the pumping regime and the n a t u r a l r i s e and f a l l of groundwater 
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l e v e l s i n r e s p o n s e t o i n f i l t r a t i o n . S o l u b l e p r o d u c t s t e n d t o be 
f l u s h e d out i n e a r l y s p r i n g f o l l o w i n g t h e w i n t e r i n f i l t r a t i o n 
s e a s o n . Most o f t h e p r o d u c t s o f p y r i t e o x i d a t i o n a r e c a r r i e d by 
u n s a t u r a t e d 'weeping' and u n s a t u r a t e d o x y g e n a t e d groundwater 
c i r c u l a t i o n w i l l be l a r g e l y r e s p o n s i b l e f o r c a r r y i n g oxygen t o 
t h e s i t e o f r e a c t i o n a t t h e m i n e r a l s u r f a c e s . 
I n s p o i l heaps, most of the f l o w w i l l be u n s a t u r a t e d 
o x y g e nated vadose s e e p a g e . Flow w i l l be c o n c e n t r a t e d i n the 
l e s s compact s u r f a c e l a y e r s and o c c a s i o n a l h i g h i n t e n s i t y 
r a i n f a l l p u l s e s w i l l t e n d t o f l u s h out a c c u m u l a t e d s o l u b l e 
w e a t h e r i n g p r o d u c t s from time t o t i m e . 
10.5 POLLUTION ASPECTS OF ACID AND FERRUGINOUS DRAINAGE 
Problems a r i s i n g from t h e e x i s t e n c e o f a c i d and 
f e r r u g n o u s d r a i n a g e s (AFD) a r e d i s c u s s e d by G l o v e r ( 1976) : 
( 1 ) I n t h e mine - AFD can c a u s e s e r i o u s c o r r o s i o n o f 
m e t a l l i c components i n mining equipment. I n a d d i t i o n , the 
s u l p h a t e r e l e a s e d l e a d s t o the r a p i d weakening and breakdown o f 
c o n c r e t e and m o r t a r . Ochreous s c a l e o f t e n l e a d s t o f o u l i n g of 
pumping equipment and pipework. 
( 2 ) I n t h e s p o i l heap - AFD r e n d e r s t h e s u r f a c e l a y e r s 
i n f e r t i l e and p r e v e n t s s t a b i l i s i n g c o l o n i s a t i o n by t r e e s and 
g r a s s e s . G r a v e l and p i p e d r a i n s become c l o g g e d by o c h r e o u s 
d e p o s i t s l e a d i n g t o b l o c k i n g and s u b s e q u e n t s t a b i l i t y problems. 
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( 3 ) I n s t o c k p i l e s - AFD w i l l a t t a c k c o n c r e t e h a r d 
s t a n d i n g and b u n k e r s . 
( 4 ) I n s u r f a c e w a t e r c o u r s e s - AFD d e s t r o y s the p r e -
e x i s t i n g e c o l o g y c a u s i n g v e r y l a r g e changes i n t u r b i d i t y , pH, 
Eh and t h e l e v e l s o f t o x i c m e t a l s i n s o l u t i o n . 
( 5 ) I n urban d r a i n s and sewerage s y s t e m s - AFD may l e a d t o 
s t r u c t u r a l f a i l u r e due t o s u l p h a t e a t t a c k o f c o n c r e t e and 
m o r t a r , b l o c k a g e s by o c h r e o u s d e p o s i t s , and t h e pH change may 
d e s t r o y and r e n d e r i n e f f e c t i v e b i o l o g i c a l w a s t e w a t e r t r e a t m e n t 
p r o c e s s e s . 
Mine w a s t e w a t e r s a r i s i n g from p y r i t e o x i d a t i o n have 
v e r y v a r i a b l e c o m p o s i t i o n s depending on t h e c o n d i t i o n s a t the 
s i t e o f o x i d a t i o n and t h e s u b s e q u e n t h i s t o r y of the w a t e r 
d u r i n g t r a n s p o r t to the s a m p l i n g p o i n t . G l o v e r ( 1976) 
r e c o g n i s e s f i v e p r i n c i p l e w a t e r q u a l i t y c l a s s e s : 
( 1 ) A c i d d r a i n a g e s w i t h i n s i g n i f i c a n t f e r r i c or f e r r o u s 
i r o n i n s o l u t i o n . 
( 2 ) A c i d d r a i n a g e s w i t h s i g n i f i c a n t f e r r i c i r o n i n 
s o l u t i o n . 
(3 ) A c i d d r a i n a g e s w i t h s i g n i f i c a n t f e r r o u s i r o n i n 
s o l u t i o n . 
( 4 ) N e u t r a l d r a i n a g e s w i t h s i g n i f i c a n t f e r r o u s i r o n i n 
s o l u t i o n . 
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( 5 ) N e u t r a l d r a i n a g e s w i t h s i g n i f i c a n t f e r r i c i r o n i n 
s u s p e n s i o n . 
10.6 SUBJECTIVE PROBABILITY MODEL FORMULATION 
Th e r e a r e many s i t u a t i o n s i n a groundwater c o n t e x t 
where d e c i s i o n s must be made on the b a s i s o f e x p e r i e n c e when 
t h a t e x p e r i e n c e i s both i n c o m p l e t e and q u a l i t a t i v e . F o r 
example, i n t h e s e l e c t i o n o f a b s t r a c t i o n w e l l s i t e s , w aste 
d i s p o s a l s i t e s and i n t h e e s t i m a t i o n of t h e e f f e c t s o f m i n i n g 
or a g r i c u l t u r a l o p e r a t i o n s on groundwater q u a l i t y and f l o w . A 
method o f r a t i o n a l i s i n g s u c h e x p e r i e n c e i n t h e form o f a model 
e n a b l e s t h e n o n - e x p e r t t o r e v i e w a complex s i t u a t i o n , be 
prompted as t o the s a l i e n t p a r a m e t e r s , and come t o a 
p r e l i m i n a r y d e c i s i o n . 
A d e c i s o n - a s s i s t i n g model may be c o n s t r u c t e d by the 
f o l l o w i n g s t e p s : 
(1 ) a s s e m b l i n g a l l the c a s e h i s t o r y d a t a , s u b j e c t i v e 
o p i n i o n s and r u l e s o f thumb, 
(2 ) i d e n t i f y i n g a l l t he d i f f e r e n t p o t e n t i a l outcomes of 
the d e c i s i o n p r o c e s s , 
( 3 ) s t r u c t u r i n g t h e d a t a i n t o a s e t o f o b s e r v a t i o n a l 
f a c t o r s w h i c h m i t i g a t e f o r or a g a i n s t e a c h p a r t i c u l a r outcome, 
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( 4 ) q u a n t i f y i n g t h e r e l a t i v e i n f l u e n c e of o b s e r v a t i o n a l 
f a c t o r s f o r e a c h outcome as w e i g h t i n g or p r e d i s p o s i n g f a c t o r s , 
( 5 ) o r d e r i n g t h e outcomes f o r p a r t i c u l a r c a s e h i s t o r i e s 
and r e v i e w i n g q u a n t i t a t i v e w e i g h t i n g s t o c a l i b r a t e the model. 
T h i s p r o c e d u r e was used i n the f o r m u l a t i o n o f t h e model MINES 
wh i c h f o r e c a s t s t h e l i k e l i h o o d of a c i d mine d r a i n a g e r e s u l t i n g 
from a p a r t i c u l a r m i n i n g o p e r a t i o n and t h e p r o b a b l e c h e m i c a l 
c h a r a c t e r o f t h e e f f l u e n t . 
To c o n s t r u c t the program MINES i t i s n e c e s s a r y t o use 
the s t a t i s t i c a l c o n c e p t s o f ' s u b j e c t i v e p r o b a b i l i t y ' , ' r e l a t i v e 
l i k e l i h o o d ' and ' c o n d i t i o n a l l i k e l i h o o d ' . Much work i n the 
f i e l d of p r o b a b i l i t y and s t a t i s t i c s d e a l s w i t h the d e r i v a t i o n s 
o f t h e p r o b a b i l i t i e s of c e r t a i n c o m p l i c a t e d e v e n t s from the 
s p e c i f i e d p r o b a b i l i t i e s of s i m p l e r e v e n t s . One o b v i o u s problem 
a r i s i n g out o f t h i s i s t h e need t o i n i t i a l l y a s s i g n v a l u e s of 
p r o b a b i l i t i e s on w h i c h a l l s u b s e q u e n t c a l c u l a t i o n s a r e b a s e d . 
Sometimes t h i s i s e a s y s i n c e t h e p r o b a b i l i t i e s can be a s s i g n e d 
o b j e c t i v e l y on t h e b a s i s of e x t e n s i v e e x p e r i e n c e and 
o b s e r v a t i o n . On t h e o t h e r hand, t h e r e a r e some o c c a i s i o n s when 
i t would be d i f f i c u l t t o f i n d two p e o p l e who would agr e e on 
even an app r o x i m a t e f i g u r e . The p r o b a b i l i t i e s a s s i g n e d i n MINES 
a r e the s u b j e c t i v e e s t i m a t e s of the a u t h o r b a s e d on an 
a s s e s s m e n t o f the t h e o r e t i c a l and c a s e h i s t o r y l i t e r a t u r e . 
The MINES program, l i s t e d i n Appendix I I I , i s d i v i d e d 
i n t o t o two p a r t s : 
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( 1 ) I d e n t i f i c a t i o n : makes t h e d e c i s i o n on the p r o b a b i l i t y 
o f a c i d or f e r r u g i n o u s mine d r a i n a g e b e i n g a problem. 
(2 ) C l a s s i f i c a t i o n : d e c i d e s on t h e r e l a t i v e p r o b a b i l i t i e s 
o f t he v a r i o u s c l a s s e s o f mine d r a i n a g e w a t e r q u a l i t y . 
The f i r s t p a r t of MINES i n t e r r o g a t e s t h e u s e r to 
d e t e r m i n e the c o n d i t i o n s p r e v a l e n t a t the s i t e o f c u r r e n t 
i n t e r e s t . Q u e s t i o n s (9 i n t h i s c a s e ) a r e posed s e q u e n t i a l l y and 
the u s e r i s a s k e d t o s e l e c t from a l i s t o f o p t i o n a l r e p l i e s (4 
a r e o f f e r e d ) . I n i t i a l l y MINES assumes t h a t the p r o b a b i l i t i e s 
of t h e o c c u r r e n c e or a b s e nce of a c i d or f e r r u g i n o u s mine 
d r a i n a g e a r e e q u a l . MIMES a l s o assumes t h a t the degree t o w h i c h 
an answer t o one q u e s t i o n a f f e c t s t h e o v e r a l l outcome i s 
i n d e p e n d e n t of the o t h e r answers t o a l l o t h e r q u e s t i o n s . T h i s 
asumption can e i t h e r be removed i f t h e r e i s e v i d e n c e t h a t i t i s 
u n t r u e , or the q u e s t i o n s m o d i f i e d t o e n s u r e t h a t t h e a s s u m p t i o n 
i s v a l i d . I n r e s p o n s e t o e a c h r e p l y o p t i o n s e l e c t e d t h e 
p r o b a b i l i t i e s a r e m o d i f i e d by an amount d e t e r m i n e d by the 
programmer's s u b j e c t i v e e s t i m a t e of the change i n t h e ' r e l a t i v e 
l i k e l i h o o d ' o f t h e two outcomes. A f t e r a l l r e s p o n s e s have been 
t r e a t e d i n t h i s way, the r e l a t i v e p r o b a b i l i t i e s f o r the 
o c c u r e n c e and a b s e nce a r e examined and the u s e r i n f o r m e d o f the 
outcome. 
The r e a r e a number of ways i n w h i c h the f i n a l 
p r o b a b i l i t i e s may be c a l c u l a t e d : 
( 1 ) A d d i t i v e scheme : where the f i r s t s t e p i s t o a s s i g n a 
p r o b a b i l i t y w e i g h t i n g t o e a c h q u e s t i o n P(q) e n s u r i n g t h a t Sum 
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( P ( q ) ) over a l l q u e s t i o n s i s not g r e a t e r than 0.5. A w e i g h t i n g 
f a c t o r f o r e a c h o p t i o n (Ao) i s t h e n a s s i g n e d s u c h t h a t no v a l u e 
o f Ao e x c e e d s u n i t y . Ao i s a s s i g n e d a p o s i t i v e v a l u e f o r 
o p t i o n s f a v o u r i n g t h e o c c u r e n c e of AFD and a n e g a t i v e v a l u e f o r 
t h o s e o p t i o n s f a v o u r a b l e t o no AFD. S e t t i n g Ao t o z e r o i m p l i e s 
t h a t the o p t i o n i s n e u t r a l i n i t s i m p l i c a t i o n . The p r o d u c t s 
Ao.P(q) d e f i n e a s e t of p r o b a b i l i t y i n c r e m e n t s t o be added to 
the i n i t i a l 0.5 a s s u m p t i o n as a r e s u l t of e a c h u s e r s e l e c t e d 
r e s p o n s e . Thus t h e f i n a l p r o b a b i l i t y o f o c c u r e n c e i s g i v e n by : 
P(AFD) = 0.5 + Sum { A o . P ( q ) } 10.10 
where Ao r e p r e s e n t s w e i g h t i n g f a c t o r s f o r t h e o p t i o n s , 
and P(q) r e p r e s e n t s t h e q u e s t i o n p r o b a b i l i t y w e i g h t i n g s , 
( 2 ) M u l t i p l i c a t i v e scheme : where a l l q u e s t i o n r e s p o n s e 
o p t i o n s a r e a s s i g n e d a p r e d i s p o s i n g f a c t o r w h i c h q u a n t i f i e s t h e 
e x t e n t t o w h i c h t h e o p t i o n r e s p o n s e i n c r e a s e s the p r o b a b i l i t y 
of AFD o c c u r e n c e . The f a c t o r s ( F q ) must be p o s i t i v e . Fq > 1 i s 
f a v o u r a b l e t o AFD o c c u r e n c e , F q < 1 m i t i g a t e s a g a i n s t i t . F q = 
1 i s n e u t r a l . The Fq v a l u e s f o r the u s e r s e l e c t e d o p t i o n s a c t 
as m u l t i p l i e r s t o g i v e t h e f i n a l p r o b a b i l i t y e s t i m a t e t h u s : 
P(AFD) = F q ! / ( 1 + Fq!) 10.11 
where Fq r e p r e s e n t s s e l e c t e d q u e s t i o n p r e d i s p o s i n g f a c t o r s , 
and Fq! the f a c t o r i a l p r o d u c t f o r a l l q u e s t i o n s (Fl„F2.F3...) 
MINES uses a m u l t i p l i c a t i v e scheme f o r e a s e o f programming and 
g r e a t e r f l e x i b i l i t y . Changes i n d a t a can be made i n d e p e n d e n t l y 
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s i n c e t h e o n l y l i m i t a t i o n on Fq v a l u e s i s t h a t t h e y a r e non-
n e g a t i v e . 
The s e c o n d p a r t o f MINES t o p r e d i c t the most l i k e l y 
w a t e r q u a l i t y c l a s s i s o n l y o p e r a t i v e i f P(AFD) a t t h e end of 
the f i r s t program phase i s g r e a t e r than 0.5. A l l f i v e c l a s s 
o p t i o n s a r e a s s i g n e d an i n t i t i a l p r o b a b i l i t y of 0.2 and the 
u s e r i s a s k e d t o r e s p o n d to a f u r t h e r s e t ( i n t h i s c a s e 8) of 
m u l t i p l e c h o i c e q u e s t i o n s . A m u l t i p l i c a t i v e scheme i s u s e d t o 
modify the p r o b a b i l i t i e s a c c o r d i n g t o t h e r e s p o n s e o p t i o n 
s e l e c t e d by the u s e r . 
10.7 MODEL CALIBRATION AND VALIDATION 
MINES was c a l i b r a t e d by a s s i g n i n g v a l u e s f o r a l l 
p r e d i s p o s i n g f a c t o r s on t h e b a s i s of a s u b j e c t i v e 
i n t e r p r e t a t i o n o f t h e t h e o r e t i c a l and c a s e h i s t o r y d a t a , 
summarised i n s e c t i o n s 10.2, 10.3 and 10.4. A summary of the 
e x t e n s i v e d a t a made a v a i l a b l e t o Rae (1977) and u s e d i n an 
e v a l u a t i o n o f the use o f mine d r a i n a g e w a t e r s as p o t e n t i a l 
r e s o u r c e s was a l s o used i n c a l i b r a t i o n . 
R e l a t i v e l y few well-documented c a s e h i s t o r i e s a r e t o 
be found i n t he l i t e r a t u r e but t h o s e f o r w h i c h p u b l i s h e d 
i n f o r m a t i o n i s a v a i l a b l e were i n v e s t i g a t e d and as much 
a d d i t i o n a l i n f o r m a t i o n as p o s s i b l e c o l l e c t e d . MINES was 
v a l i d a t e d on t h e b a s i s o f i t s a b i l i t y t o c o r r e c t l y f o r e c a s t 
mine w a s t e w a t e r q u a l i t y i n t h e s e c a s e s . 
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R e s u l t s of v a l i d a t i o n r u n s on MIMES: 
E f f l u e n t 
O b served 
DISUSED MIMES: 
A r e a 
P e n n s y l v a n i a 
( A n t h r a c i t e ) 
C a r d i g a n s h i r e 
(Pb/Zn) 
pH 3 or 4 
p l u s Fe++/Fe+++ 
MINES 
% P r o b a b i l i t i e s 
1 2 3 4 5 
9 15 47 3 23 
0 44 22 16 16 
0 34 25 12 25 
0 0 0 95 2 
R e f e r e n c e 
B a r n e s e t a l 
( 1964 ) 
Fuge (1972) 
SDA (1980) 
C a i r n e y e t a l 
( 1975 ) 
pH <2.5 
p l u s Fe+++ 
G i r v a n pH <4 
( C o a l ) p l u s Fe++/Fe+++ 
Co. Durham pH 7.8 
( C o a l ) p l u s Fe+++ 
TAILINGS DUMPS 
O n t a r i o pH 2.0 49 16 24 1 8 
(Base m e t a l s ) p l u s Fe+++/Fe++ 
A p p a l a c h i a n s pH 2.6-3 .3 8 27 40 3 20 
Hawley e t a l 
(1971) 
E m r i c h e t a l 
KEY t o MINES p r e d i c t i o n s : 
1 F r e e a c i d ( s u l p h u r i c ) 
2 A c i d i c c o n t a i n i n g f e r r o u s i r o n 
3 A c i d i c c o n t a i n i n g f e r r i c i r o n 
4 N e u t r a l c o n t a i n i n g f e r r o u s i r o n 
5 C o n t a i n i n g f e r r i c i r o n i n s u s p e n s i o n 
N otes: 
(1 ) SDA r e f e r s t o S c o t t i s h Development Agency 
(2 ) P e r c e n t a g e p r o b a b i l i t i e s sum may not e q u a l 100 due t o the 
rounding-down p r o c e d u r e . 
( 3 ) I n many c a s e s , the s t u d i e s r e f e r e n c e d c o n c e n t r a t e d on 
s t r e a m , r a t h e r t h a n on e f f l u e n t s a m p l i n g . T h i s p a r t i c u l a r l y 
a f f e c t s t h e a p p a r e n t o x i d a t i o n s t a t e o f the i r o n , such t h a t 
when MINES p r e d i c t s f e r r o u s d i s c h a r g e , f e r r i c compounds may i n 
f a c t be r e p o r t e d i n t he r e f e r e n c e . 
A t y p i c a l , a n o t a t e d r u n - t i m e d i a l o g u e from MINES i s i n c l u d e d i n 
Appendix I I I . 
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10.3 MIMES : EVALUATION AND CONCLUSIONS 
The p r o c e d u r e u s e d t o d e v i s e MINES i s a v e r y s i m p l e 
one and t he program i s t r i v i a l . I t can be a r g u e d t h a t t h e 
s i m p l e m u l t i p l i c a t i v e scheme adopted t o c a l c u l a t e p r o b a b i l i t i e s 
i s n a i v e and u n j u s t i f i e d . A g a i n s t t h i s i s t h e f a c t t h a t MINES 
a p p e a r s q u i t e s u c c e s s f u l as a f o r e c a s t e r . Many w i t h e x p e r i e n c e 
o f mine d r a i n a g e problems would argue t h a t MINES me r e l y s t a t e s 
the o b v i o u s . But t h i s i s t h e whole p o i n t of the program. MINES 
i s a summary of e x p e r t i s e b u i l t i n t o a s i m p l e q u e s t i o n and 
answer format f o r the n o n - e x p e r t . 
With h i n d s i g h t , and f o l l o w i n g t h e r a t h e r i n f o r m a l and 
e m p i r i c a l development o f MINES, t he s i m i l a r i t y o f t h e m o d e l l i n g 
p r o c e s s t o t h a t u s e d i n t h e development of t r a n s i t i o n d i g r a p h 
models by R o b e r t s ( 1 9 7 6 ) , was n o t i c e d . The f o r m a l p r o c e d u r e 
d e s c r i b e d by R o b e r t s i s c l e a r l y s u p e r i o r t o t h e ad hoc methods 
used f o r MINES but i t s t i l l r e m a i n s a u s e f u l model. 
At w o r s t MINES reminds t h e u s e r of t he p e r t i n a n t 
q u e s t i o n s t o a s k i n a r e a s where mine d r a i n a g e might p r e s e n t a 
problem. A t b e s t i t g u i d e s t h e u s e r t o a r e l i a b l e c o n c l u s i o n 
about t h e l i k e l i h o o d o f a p o l l u t i o n problem a r i s i n g and t h e 
p r o b a b l e n a t u r e of t h a t problem i n w a t e r q u a l i t y t e r m s . MIMES 
us e s a microcomputer f o r a t a s k t o w h i c h i t i s w e l l s u i t e d and 
i t i s s t r o n g l y a r gued t h a t programs o f t h i s t y p e , however 
t r i v i a l , can form a v a l u a b l e s o u r c e o f r e f e r e n c e , a d v i c e and 
d e c i s i o n g u i d a n c e f o r t h e busy t e c h n i c a l manager and p l a n n e r 
who c a n n o t a f f o r d t o spend days and weeks i n l i t e r a t u r e 
s e a r c h e s and c a s e h i s t o r y r e v i e w s . 
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CHAPTER ELEVEN 
DIFAN : A STOCHASTIC RANDOM-WALK MODEL FOR DISPERSION 
11.1 INTRODUCTION TO DIFAN 
P o l l u t i o n of groundwater by d o m e s t i c w a s t e s , m i ning 
w a s t e s and a g r i c u l t u r a l w a s t e s can be mo d e l l e d by a v a r i e t y of 
n u m e r i c a l s o l u t i o n s t o the d i f f u s i o n / d i s p e r s i o n e q u a t i o n s . 
F i n i t e d i f f e r e n c e methods (FDM), f i n i t e element methods (FEM) 
and boundary element methods (BEM) a r e w i d e l y u s e d f o r 
s i m u l a t i o n and p r e d i c t i o n . 
P o l l u t i o n s i m u l a t i o n can a l s o be a c h i e v e d by a s i m p l e 
s t o c h a s t i c random-walk model i n v o l v i n g l o g i c a l r a t h e r t h a n 
a r i t h m e t i c o p e r a t i o n s . Such models a r e v e r y r a p i d l y e x e c u t e d on 
8 - b i t m i c r o c o m p u t e r s and a n i m a t i o n speeds can be a t t a i n e d . 
DIFAN i s s u c h a program w r i t t e n a s a s e r i e s o f Z80 a s s e m b l e r 
r o u t i n e s c a l l e d from BASIC. A n i m a t i o n o f t h i s k i n d c a n n o t be 
g e n e r a t e d on many mainframe computers w h i c h o p e r a t e time 
s h a r i n g s y s t e m s . 
A l l models r e q u i r e a means o f d i s p l a y i n g t h e r e s u l t s 
and f o r 'time-developments' animated g r a p h i c s a r e t h e i d e a l 
p r e s e n t a t i o n medium. Animated d i s p l a y s of t h e r e s u l t s of 
s o l u t i o n o f l a r g e s e t s of s i m u l t a n e o u s e q u a t i o n s o n - l i n e , as 
the c a l c u l a t i o n s p r o c e e d , would r e q u i r e an a r r a y p r o c e s s o r or 
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d e d i c a t e d mainframe computer and f o r p o l l u t i o n s i m u l a t i o n and 
p r e d i c t i o n i s n o t e c o n o m i c a l l y v i a b l e . S e c ondary p r o c e s s i n g on 
a microcomputer t o g e n e r a t e a n i m a t e d d i s p l a y s from d i s t r i b u t e d -
p a r a m e t e r n u m e r i c a l models a r e a f e a s i b l e p r o p o s i t i o n but 
random-walk s i m u l a t i o n p r o v i d e s a means of d i r e c t o n - l i n e 
a n i m a t i o n . 
A n i m a t i o n , whether d i s p l a y i n g n u m e r i c a l or s t o c h a s t i c 
model r e s u l t s , may be c r e a t e d on m icrocomputers by movement of 
b l o c k s of memory i n and out of the memory-mapped v i d e o d i s p l a y 
a r e a . I n t h e c a s e o f s e c o n d a r y p r o c e s s i n g , p r e - p r e p a r e d f u l l 
s c r e e n (2 K b y t e s ) images can be updated by t r a n s f e r from d i s k a 
maximum of 15 t i m e s a s e c o n d u s i n g the E n g i n e e r i n g Geology 
L a b o r a t o r i e s microcomputer s y s t e m . S t o c h a s t i c random-walk 
models w i l l compute and d i s p l a y a new s c r e e n image i n about a 
second. 
11.2 ANIMATION CONSIDERATIONS 
The methods o f a n i m a t i o n d e s c r i b e d a r e s p e c i f i c a l l y 
f o r the E x i d y S o r c e r e r microcomputer but the method i s t h e same 
i n p r i n c i p l e f o r any memory mapped d i s p l a y . The speeds quoted 
were a c h i e v e d w i t h the 4MHz c y c l e f r e q u e n c y Z i l o g Z80A 
m i c r o p r o c e s s o r and may not be p o s s i b l e w i t h some o t h e r CPU 
c h i p s . 
The S o r c e r e r v i d e o d i s p l a y c o m p r i s e s 30 l i n e s o f 64 
b y t e s e a c h . E a c h b y t e i n the v i d e o d i s p l a y c o n s i s t s o f an 8 x 8 
dot m a t r i x c h a r a c t e r . E a c h c h a r a c t e r i s s t o r e d as a code w h i c h 
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r e f e r s t o an 8 b y t e g r a p h i c s c h a r a c t e r s t o r a g e a r e a . The 8 x 8 
m a t r i x i s t h e b i t p a t t e r n s t o r e d i n t h e s e 8 b y t e s . F i g u r e 11.1 
shov/s how t h e A S C I I code 4 5H r e f e r s t o the b i t p a t t e r n 
n e c e s s a r y t o g e n e r a t e t h e l e t t e r E on the s c r e e n . 
The f u l l s c r e e n t h u s c o m p r i s e s 1920 b y t e s . The 
S o r c e r e r has up t o 4 8 K b y t e s of Random A c c e s s Memory (RAM), 
thus some 25 f u l l s c r e e n images can be s t o r e d . The s c r e e n image 
can be updated by a machine code r o u t i n e i n about 8 
m i l l i s e c o n d s ( m s ) . However, assuming 8 updeites p e r seco n d i s 
s u f f i c i e n t f o r a n i m a t i o n , a time sequence o f o n l y about 3 
seconds (24 images) can be h e l d i n RAM. I t i s c l e a r t h a t f o r 
ext e n d e d a n i m a t i o n s e q u e n c e s s c r e e n images must be e i t h e r 
t r a n s f e r r e d from d i s k or g e n e r a t e d o n - l i n e . 
D i s k t r a n s f e r t i m e s from M i c r o p o l i s m i n i f l o p p y d r i v e s 
f o r a s c r e e n image c a n n o t be f a s t e r t h a n about 120 ms o r about 
8 images p e r s e c o n d . D i s k c a p a c i t i e s a r e about 128K a t s i n g l e 
d e n s i t y , e q u i v a l e n t t o 68 images or an 8 s e c o n d a n i m a t e d 
s e q u e n c e ; and 300K a t double d e n s i t y , e q u i v a l e n t t o 160 images 
or a 20 seco n d animated s e q u e n c e . A n i m a t i o n by s e q u e n t i a l 
d i s p l a y o f p r e - p r o c e s s e d s c r e e n images from d i s k i s thu s j u s t 
about f e a s i b l e . H a l f s c r e e n a n i m a t i o n s o f minute d u r a t i o n c o u l d 
be p o s s i b l e w i t h two double d e n s i t y d i s k d r i v e s . The s o f t w a r e 
f o r s u c h a p r o c e s s r e q u i r e s c o n s i d e r a b l e knowledge o f t h e d i s k 
DMA t r a n s f e r c a p a b i l i t y but i s c o m p l i c a t e d r a t h e r than 
d i f f i c u l t . 
O n - l i n e g e n e r a t i o n o f s c r e e n images can o n l y be 
a t t a i n e d w i t h Z80 a s s e m b l e r r o u t i n e s . The program DIFAN upd a t e s 
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F i g . 11.1 C h a r a c t e r r e p r e s e n t a t i o n 
S c r e e n i a e o ..emory 
30 
45 1 1 l i e s 
64 b v t e s 
t o b i t p a t t e r n 
r 7C H B y t e 
40 H t e 
a u.: 1C 
40 H a r a c t e r 
t o r a y e 
<-t0 i 
4o r 
K 1 
00 
(Hex 
8 i t - ode ) 
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a h a l f s c r e e n image i n around 
i m p r e s s i o n o f a n i m a t i o n , 
d i s c u s s e d i n some d e t a i l . 
1 second and 
The program 
g i v e s a r e a s o n a b l e 
o p e r a t i o n w i l l be 
11.3 RANDOM-WALK STOCHASTIC MODEL 
A s t o c h a s t i c t e c h n i q u e o f randomly d i s p l a c i n g and 
m i x i n g e a c h s u b - a r e a of a model has been adopted t o s i m u l a t e 
d i f f u s i o n and d i s p e r s i o n . The a r i t h m e t i c n e c e s s a r y i s min i m a l 
and t h e p r o c e s s i s l a r g e l y one of l o g i c a l c o m p a r i s o n . By u s i n g 
a s e r i e s o f Z80 a s s e m b l e r r o u t i n e s s u p e r v i s e d by a BASIC 
program which h a n d l e s a l l i n t e r a c t i v e i n p u t / o u t p u t , t h e f a s t 
s i m u l a t o r / p r e d i c t o r model DIFAN has been d e v i s e d w h i c h g i v e s 
t h e i m p r e s s i o n o f an an i m a t e d d i s p l a y . 
I n DIFAN the s u b - a r e a s u s e d i n the s i m u l a t i o n 
c o i n c i d e w i t h t h e 64 x 30 memory-mapped v i d e o d i s p l a y 
c h a r a c t e r s . E a c h 8 x 8 dot m a t r i x b l o c k (we w i l l c a l l a p i x e l ) 
i n t h e h a l f s c r e e n v i d e o d i s p l a y r e p r e s e n t s a l e v e l of 
p o l l u t a n t c o n c e n t r a t i o n . A l i s t i n g o f t h e 3ASIC s u p e r v i s o r 
program DIFAN and t h e v a r i o u s Z80 a s s e m b l e r r o u t i n e s i t c a l l s 
a r e g i v e n i n Appendix I V . 
The v e r s i o n o f DIFAN l i s t e d i s not the most g e n e r a l 
and many o f the f e a t u r e s d e s c r i b e d i n t h e t e x t a r e not p r e s e n t . 
The r e a s o n s f o r t h e s e o m i s s i o n s i n c l u d e : 
(1) The g e n e r a l model i s under c o n t i n u i n g a c t i v e 
development and no ' f i n a l ' o r 'complete' v e r s i o n e x i s t s . 
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( 2 ) The arguments made h e r e a r e about t h e m o d e l l i n g 
p r i n c i p l e s i n v o l v e d i n DIFAN r a t h e r t h a n a s p e c i f i c d e s c r i p t i o n 
o f t h e program or p a r t i c u l a r a p p l i c a t i o n . 
( 3 ) A f u l l l i s t i n g o f DIFAN w i t h t h e many o p t i o n s t e n d s t o 
c o n c e a l the fundamental s i m p l i c i t y of t h e program. 
( 4 ) Z80 a s s e m b l e r code i s n o t v e r y ' t r a n s p o r t a b l e ' and i s 
o n l y u s e f u l f o r t h e g e n e r a l r e a d e r i f e x t e n s i v e documentary 
comments a r e i n c l u d e d . These comments a r e v e r y time consuming 
t o w r i t e . 
F o r a l l t h e s e r e a s o n s , i t was thought b e t t e r t o l i s t a f u l l y 
documented o p e r a t i o n a l v e r s i o n o f DIFAN r a t h e r t h a n a p o o r l y 
documented 'development s t a g e ' w i t h p o s s i b l e e r r o r s . 
The c o n v e c t i o n d i s p e r s i o n p r o c e s s i s broken down i n t o 
i t s c o n s i t u e n t c o v e c t i v e and d i s p e r s i v e p a r t s f o r t h e p u r p o s e s 
o f t h e model s i m u l a t i o n u s e d i n DIFAN. 
C o n s i d e r a ' s l u g ' of p o l l u t a n t i n a 2-D a q u i f e r . I t 
r e q u i r e s a 4 b i t random number t o s i m u l a t e the random 
c o n v e c t i v e d i s p l a c e m e n t p a r t o f t h e p r o c e s s : 
( 1 ) b i t 3 d e c i d e s i f t h e r e i s any up-down motion, 
( 2 ) b i t 2 d e c i d e s i f t h e r e i s any l e f t - r i g h t motion, 
( 3 ) b i t 1 d e c i d e s up o r down, 
( 4 ) b i t 0 d e c i d e s l e f t or r i g h t . 
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T h e r e a r e 16 p o s s i b l e p a t t e r n s f o r 4 b i t s 
( 1 ) 4 f o r no motion. 
( 2 ) 4 f o r l e f t or r i g h t motion 
( 3 ) 4 f o r up o r down motion. 
( 4 ) 4 f o r d i a g o n a l m otion. 
[0000 0001 0010 0011) 
(0100 0101 0110 0111) 
(1000 1001 1010 1011) 
(1100 1101 1110 1111) 
Thus t h e s l u g may occupy any o f t h e 9 l o c a t i o n s shown i n the 
f i g u r e a f t e r a random d i s p l a c e m e n t . T h i s can be r e g a r d e d as the 
c o n v e c t i v e p a r t of the c o n v e c t i o n - d i s p e r s i o n p r o c e s s . 
To s i m u l a t e t h e d i f f u s i o n - d i s p e r s i o n p a r t o f the 
p r o c e s s , some m i x i n g a s s u m p t i o n must be made w h i c h meets the 
r e q u i r e m e n t t h a t p o l l u t a n t mass i s c o n s e r v e d . The s i m p l e s t s u c h 
a s s u m p t i o n i s t h a t t h e c o n c e n t r a t i o n a t t h e new and o r i g i n a l 
s l u g l o c a t i o n s a r e the a v e r a g e o f t h o s e p r i o r t o the 
d i s p l a c e m e n t . T h i s a s s u m p t i o n i s u s e d by the l i s t e d v e r s i o n of 
DIFAN but any a s s u m p t i o n c o n s i s t e n t w i t h mass c o n s e r v a t i o n may 
be u s e d and t h e m i x i n g a l g o r i t h m can be v a r i e d v e r y e a s i l y . I n 
q u a n t i t a t i v e a p p l i c a t i o n s t h e f l e x i b i l i t y p r o v i d e d by a g e n e r a l 
m i x i n g r u l e i s n e c e s s a r y f o r c a l i b r a t i o n , where c o n v e c t i o n -
d i s p e r s i o n r a t h e r t h a n d i s p e r s i o n i s m o d e l l e d . 
A l l d i s p l a y e d p i x e l s a r e s e q u e n t i a l l y s u b j e c t e d t o a 
'pseudo-random' d i s p l a c e m e n t by t h e r o u t i n e P I X D I S . The 
d i r e c t i o n o f the d i s p l a c e m e n t i s d e c i d e d by t e s t i n g b i t 0 and 
b i t 1 of a random number as i l l u s t r a t e d by F i g . 11.2. The p i x e l 
a t t h e o r i g i n a l l o c a t i o n and t h a t a t t h e d i s p l a c e d l o c a t i o n a r e 
t h e n r e p l a c e d by p i x e l s r e p r e s e n t i n g the " a v e r a g e " 
c o n c e n t r a t i o n o f the two, by t h e r o u t i n e PIXALT,as shown i n 
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F i g . 11.2 B a s i c random d i s p l a c e m e n t model 
M o d e l l e d A r e a 
UP TO 
30 
BLOC4-.: 
C u r r e n t P i x e l 
D i s p l a c e d P i x e l 
UP TO 64 SLOCKS 
0 1 G 1 C 1 G 1 
B I T O 
T e s t B i t G: 
0 j Down 
1 f Up 
' e s t a i t 1: 
O «-
1 
L e f t 
R i g h t 
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F i g . 11.3. T h i s s i m p l e "mi x i n g " a s s u m p t i o n has t h e advantage o f 
s i m u l a t i n g t h e d i f f u s i o n - d i s p e r s i o n w i t h m i n i m a l a r i t h m e t i c 
c a l c u l a t i o n s . 
11.4 I N I T I A L CONDITIONS AND SOURCES 
I n i t i a l i s a t i o n o f t he model c o n s i s t s o n l y o f l o a d i n g 
t h e a p p r o p r i a t e v i d e o d i s p l a y l o c a t i o n s w i t h t h e p i x e l 
r e p r e s e n t i n g t h e s o u r c e c o n c e n t r a t i o n . A s c a l e o f p i x e l s 
r e p r e s e n t i n g a s e r i e s o f c o n c e n t r a t i o n s t e p s between t h e s o u r c e 
l e v e l and z e r o a r e h e l d i n memory. F o r p r e s e n t a t i o n p u r p o s e s , 
t h e v i s u a l d e n s i t y i n c r e a s e s w i t h c o n c e n t r a t i o n . A l l d i s p l a y 
l o c a t i o n s o t h e r than the s o u r c e or s o u r c e s a r e l o a d e d w i t h t h e 
z e r o c o n c e n t r a t i o n p i x e l , a " b l a n k " , as F i g . 11.4 i l l u s t r a t e s . 
T h i s i n i t i a l i s a t i o n i s c a r r i e d o u t by t h e r o u t i n e SETUP. 
F o r a l i m i t e d - l i f e s o u r c e , the s o u r c e p i x e l i s 
updated e v e r y c y c l e f o r the l i f e o f t h e s o u r c e . F o r a p e r i o d i c 
s o u r c e , t h e s o u r c e p i x e l i s updated e v e r y "n" c y c l e s . F o r a 
c o n t i n u o u s s o u r c e , t h e s o u r c e p i x e l i s i n v a r i a b l e u pdated. F o r 
a growing s o u r c e , new s o u r c e p i x e l s a r e i n t r o d u c e d w i t h e a c h 
update c y c l e . Thus, the time and shape of t h e p o l l u t a n t s o u r c e 
h a n d l e d by DIFAN i s e x t r e m e l y f l e x i b l e . S o u r c e r e f r e s h 
o p e r a t i o n s a r e c a r r i e d out by t h e r o u t i n e PIXREF. 
11.5 PHYSICAL BOUNDARY CONDITIONS 
I n a d d i t i o n t o t h e f l e x i b l e s o u r c e boundary 
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F i g . 11.3 B a s i c m i x i n g model 
l s ( c l + C 2 ) 
^ ( c 1 + c 2 ) 
F i g . 11.4 S o u r c e s i m u l a t i o n 
M o d e l l e d A r e a 
C o n t i n u o u s U p d a t e o r S h o r t Term u p d a t e 
c o n d i t i o n s , two t y p e s o f p h y s i c a l boundary a r e a l l o w e d . A t a 
b a r r i e r boundary a t t e m p t e d d i s p l a c e m e n t s a r e i n t e r n a l l y 
r e f l e c t e d . A t a f r e e boundary d i s p l a c e m e n t s a r e not d i s p l a y e d 
b u t a b s o r b e d i n t o a memory ' b u f f e r ' w h i c h behaves and i s 
updated i n t h e same way as t h e d i s p l a y a r e a o f the model. 
F i g u r e 11.5 i l l u s t r a t e s t h e two boundary c o n d i t i o n s . Any 
a t t e m p t e d d i s p l a c e m e n t o u t s i d e t h e d i s p l a y a r e a i s e i t h e r 
r e f l e c t e d or a b s o r b e d i n t o a b u f f e r . P h y s i c a l b o u n d a r i e s a r e 
c o n t r o l l e d by the r o u t i n e s BDRYL, BDRYR, BDRYU and BDRYD f o r 
l e f t , r i g h t , up and down r e s p e c t i v e l y . 
DIFAN, i n i t s c u r r e n t form, d i s p l a y s a l l the m o d e l l e d 
r e g i o n as an a n i m a t e d d i s p l a y . S i n c e t h e d i s p l a y a r e a i s 
l i m i t e d , so i s t h e s i z e o f t he m o d e l l e d r e g i o n . However, t h i s 
l i m i t a t i o n i s l a r g e l y m i t i g a t e d by t h e a b i l i t y t o p r e c i s e l y 
r e p r e s e n t b o u n d a r i e s a t i n f i n i t y ( ' f r e e ' b o u n d a r i e s ) . The 
v e r s i o n o f DIFAN l i s t e d i n t h e Appendix I V has o n l y b a r r i e r 
b o u n d a r i e s s i n c e i t i s i n t e n d e d o n l y as a 'animated d i s p l a y ' 
model f o r t e a c h i n g p u r p o s e s and e v e n t s o u t s i d e the ' d i s p l a y ' 
were not c o n s i d e r e d . 
11.6 INHOMOGENEITY AND ANISOTROPY 
S i m u l a t i o n o f inhomogeneity i s a c h i e v e d by v a r y i n g 
t h e update f r e q u e n c y f o r s u b - a r e a s w i t h i n the d i s p l a y a r e a by 
r e f e r e n c e t o a d a t a b y t e s e t up i n t h e BASIC s u p e r v i s o r 
program. I n F i g . 11.6, zone 1 i s updated e v e r y c y c l e , zone 2 
e v e r y o t h e r c y c l e . A t e a c h update b i t 0 of t h e d a t a b y t e i s 
r e a d and the update a b o r t e d i f t h e b i t i s n o t s e t . The d a t a 
190 
F i g . 11.5 Boundary s i m u l a t i o n 
.Modelled A r e a 
I n v i s i b l e s u f f e r f o r I n f i n i t e B o u n d a r y 
M o d e l l e d A r e a 
F i n a l p o s i t i o n o f p i x e l 
O r i g i n a l p i x e l p o s i t i o n 
A t t e m p t e d p o s i t i o n o f p i x e l 
R e f l e c t i o n a t a B a r r i e r B o u n d a r y 
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F i g . 11.6 Inhomogeneity 
M o d e l l e d A r e a 
Zone 2 
U p d a t e E v e r y 
O t h e r C y c l e 
J one 1 
U p d a t e 
E v e r y 
C y c l e 
Zone 
1 1 1 1 1 1 1 1 
CYCuE 
ONE 
c -? 
1 
0 1 . 0 1 0 1 
H o m o g e n e i t y 
D a t a B y t e 
H o m o g e n e i t y 
D a t a B y t e 
T e s t B i t O, t h e n r o t a t e b y t e l e f t 
1 1 1 1 1 1 1 1 -lomogeneity 
C Y C L E 
TVJO 
1 0 1 c 1 c 1 0 <r H o m o g e n e i t y D a t a B y t e 
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b y t e i s r o t a t e d one b i t l e f t e v e r y update c y c l e . 
S i m u l a t i o n o f a n i s o t r o p y i s s i m i l a r l y a c h e i v e d by 
r e f e r e n c e t o d a t a b y t e s s e t up from the s u p e r v i s o r program. The 
up/down d a t a b y t e ( s ) a l l o w d i s p l a c e m e n t o n l y i f b i t 0 of t h e 
up/down b y t e i s s e t . S i m i l a r l y l e f t / r i g h t d i s p l a c e m e n t i s 
p e r m i t t e d o n l y when b i t 0 i s s e t i n t h e l e f t / r i g h t b y t e ( s ) . 
D a t a b y t e s a r e r o t a t e d l e f t one b i t each c y c l e . The d a t a b y t e 
s e t t i n g s i n F i g . 11.7 w i l l e n s u r e e s s e n t i a l l y h o r i z o n t a l 
d i s p e r s i o n from r i g h t t o l e f t a c r o s s t h e d i s p l a y . No upward 
movement i s a l l o w e d and o n l y s l i g h t downward and l e f t t o r i g h t 
s p r e a d i n g can t a k e p l a c e . The d a t a b y t e s RIGHT, L E F T , UP and 
DOWN can be s e t from t h e s u p e r v i s o r program. 
The p r e c i s i o n w i t h w h i c h inhomogeneity and a n i s o t r o p y 
can be m o d e l l e d depends on the l e n g t h o f t h e d a t a b y t e s . 
C u r r e n t l y 8 - b i t b y t e s a r e u s e d but ' f i n e r t u n i n g ' c o u l d be 
a c h e i v e d u s i n g 16 or p e r h a p s 3 2 - b i t s i f n e c e s s a r y . 
11.7 QUANTITATIVE SIMULATION USING DIFAN 
The d i s p l a y g e n a r a t e d by DIFAN i s d i m e n s i o n l e s s . The 
l e n g t h o f a time s t e p i s i n p l i e d by the c o n v e c t i v e v e l o c i t y i n 
q u a n t i t a t i v e s i m u l a t i o n s and a g e n e r a l 'mixing r u l e ' can be 
u s e d so t h a t the b a l a n c e between c o n v e c t i o n and d i s p e r s i o n can 
be p r e s e r v e d . I f d i s p e r s i o n i s slow r e l a t i v e t o c o n v e c t i o n t h e n 
t h e s p a t i a l i n c r e m e n t by a ' p a r t i c l e ' ( x ' i n s e c t i o n 7.6) 
d u r i n g a c o n v e c t i v e s t t p w i l l be l e s s t h a n the c o n v e c t i v e 
d i s p l a c e m e n t . The program t o s i m u l a t e c o n v e c t i o n and d i s p e r s i o n 
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F i g . 11.7 A n i s o t r o p y 
Modelled Area 
0 0 0 0 0 0 0 o 
0 0 0 0 0 0 0 1 
1 1 1 1 1 1 1 1 
0 0 1 1 0 0 0 0 
O Up Data Byte 
Left Data Byte 
Right Data Byte 
Up Data Byte - Never Active 
Down Data Byte - Active 1 cycle in 8 
I,eft Data 3yte - Active Every cycle 
Right Data Byte - Active 1 cycle in 4 
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r e m a i n s under development and two a p p r o a c h e s a r e b e i n g compared 
f o r s p e e d and a c c u r a c y . They a r e b e s t summarised as : 
( 1 ) c o n v e c t and p a r t i a l l y mix e v e r y s t e p ; or 
( 2 ) c o n v e c t e v e r y s t e p , mix on some. 
The s e c o n d a l t e r n a t i v e has t h e a t t r a c t i o n o f b e i n g e a s y t o 
program w i t h o u t u s i n g a r i t h m e t i c and i s most l i k e l y t o be u s e d . 
DIFAN, a t p r e s e n t , r e q u i r e s t h a t the p r i n c i p l e a x e s 
o f a n i s o t r o p y a r e i n v a r i e n t and p a r a l l e l t o t he r e c t a n g u l a r 
s u b - a r e a b o u n d a r i e s . A n i s o t r o p y i s m o d e l l e d by DIFAN by 
m a n i p u l a t i n g 2 b i t s ( b i t s 1 and 0) of t h e c o n v e c t i v e 
d i s p l a c e m e n t 4 b i t random number. A much more s o p h i s t i c a t e d 
r e p r e s e n t a t i o n can be o b t a i n e d by : 
( 1 ) u s i n g b i t s 3 and 2 i n a d d i t i o n t o 1 and 0. 
( 2 ) u p d a t i n g t h e a n i s o t r o p y d a t a b y t e e a c h time s t e p . 
These two o p t i o n s p e r m i t f l e x i b i l i t y i n t h e o r i e n t a t i o n o f t h e 
p r i n c i p l e a x e s o f a n i s o t r o p y and r o t a t i o n o f the a x e s w i t h 
t i m e . DIFAN r e m a i n s under c o n s t a n t development and t h e s e 
f e a t u r e s w i l l s u b s e q u e n t l y be i n c o r p o r a t e d and t e s t e d . 
I f t h e d i m e n s i o n s and d i s p e r s i o n c o e f f i c i e n t s a r e 
s p e c i f i e d and inhomogeneity and a n i s o t r o p y r a t i o s a r e known 
th e n a r e a l time s c a l e can be a s s i g n e d t o the DIFAN model. A 
BASIC program t o a c q u i r e t h e a p p r o p r i a t e i n f o r m a t i o n from t h e 
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u s e r and c a l c u l a t e t h e r e a l time s c a l e i s a t r i v i a l programming 
t a s k . 
11.8 DIFAN : EVALUATION AND CONCLUSIONS 
The q u a n t i t a t i v e v a l i d i t y of DIFAN was c h e c k e d by 
comparing c o n c e n t r a t i o n p a t t e r n s w i t h a n a l y t i c a l and n u m e r i c a l 
model s t u d i e s i n t h e l i t e r a t u r e . Marino (1974d) p r o v i d e s a 
u s e f u l s e t o f 1-D e x p e r i m e n t s f o r t h i s p u r p o s e . Because DIFAN 
g e n e r a t e s o n l y a pproximate c o n t o u r s a t c o n c e n t r a t i o n i n t e r v a l s 
e q u i v a l e n t t o t h e s o u r c e d i v i d e d by a power o f 2, e x a c t 
c o m p a r i s o n i s d i f f i c u l t . F i g u r e 11.8 shows the agreement 
between DIFAN and the a n a l y t i c a l and n u m e r i c a l s o l u t i o n s o f 
Marino ( 1 9 7 4 d ) . The n u m e r i c a l r e s u l t s p r e s e n t e d by Oakes (1976) 
f o r i d e a l i s e d a q u i f e r s were u s e d t o e v a l u a t e DIFAN f o r t h e 2-D 
c a s e . DIFAN was used t o g e n e r a t e t h e s t e a d y s t a t e plume p a t t e r n 
f o r a r e c t a n g u l a r s o u r c e i n a homogeneous i s o t r o p i c a q u i f e r . 
The r e s u l t s o f DIFAN a r e compared w i t h t h o s e o f Oakes ( 1 9 7 7 ) i n 
F i g 11.9. Thus, t h e random-walk s i m u l a t i o n s o f DIFAN seem t o be 
a c c e p t a b l e i n both a q u a l i t a t i v e and q u a n t i t a t i v e s e n s e . 
F i g u r e s 11.10 and 11.11 show t y p i c a l s c r e e n images t o 
i l l u s t r a t e t h e f l e x i b i l i t y o f the model. I n F i g . 11.10 
a n i s o t r o p i c d i s p e r s i o n from a b o r e h o l e s o u r c e i n p l a n i s shown 
and i n F i g 11.11 a c r o s s - s e c t i o n s i m u l a t i o n o f a n i s o t r o p i c 
d i s p e r s i o n from a l a n d f i l l s i t e i s i l l u s t r a t e d . 
An a t t e m p t was made t o a p p l y DIFAN t o a p r a c t i c a l 
problem by s i m u l a t i n g t h e o b s e r v e d b e h a v i o u r o f t h e C I -
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0.2 
0.0 
D i s t a n c e a l o n g 1-D column (eras) 
• A n a l y t i c a l a o L u t i on 
,, , _ N u m e r i c a l s o l u t i o n 
I FA.'-'i me a n v a l u e 
p l u s a p p r o x i m a t e r a n g e 
F i g . 11.8 R e s u l t s o f 1-D c a l i b r a t i o n r u n s a g a i n s t 
Marino (1974d) 
N A n a l y t i c a l s o l u t i o n \ N u m e r i c a l s o l u t i o n 
i c.c. 
10 16 13 14 l'j 11 1 10 1 o 
D i s t a n c e a l o i v j 1-D column (cms) 
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F i g . 11.10 C o n t a m i n a t e d w e l l s - p l a n s i m u l a t i o n B J F N - a n i r n a t i p n p r o g r a m . l-f + u s i o n a n d d i s p e r s i o n s i m u l a t i o n 
C o n t a m i n a t e d w e l l s p l a n s i m u l a t i o n S t e p 1 
C o n t a m i n a t e d w e l l s p l a n s i m u l a t i o n S t e p 
C o n t a m i n a t e d we l i s p l a n s i m u l a t i o n S t e p 3 
C o n t a m i n a t e d w e l l s p l a n s i m u l a t i o n S t e p 4 
i 
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F i g . 11.11 L a n d f i l l s i t e s i m u l a t i o n 
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L a n d - f i l l s i t e s i m u l a t i o n S t e p 1 
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p o l l u t i o n plume a t Snake R i v e r , Idaho r e p o r t e d by R o b e r t s o n and 
B a r r a c l o u g h ( 1 9 7 3 ) . B e cause DIFAN was w r i t t e n f o r s i m p l e 
r e c t a n g u l a r boundary c o n f i g u r a t i o n s , o n l y a v e r y rough 
a p p r o x i m a t i o n c o u l d be o b t a i n e d . As DIFAN was w r i t t e n t o prove 
t h e v i a b i l i t y o f the s t o c h a s t i c random-walk s i m u l a t i o n 
t e c h n i q u e , the development o f f l e x i b l e boundary c o n f i g u r a t i o n s 
was r e g a r d e d as beyond t h e scope of t h i s s t u d y . Development of 
t h i s c a p a b i l i t y i s however b e i n g u n d e r t a k e n a t t h e E n g i n e e r i n g 
Geology L a b o r a t o r i e s , Durham. 
The advantage DIFAN has o v e r n u m e r i c a l methods i s 
t h a t t he s i m u l a t i o n s a r e c a r r i e d o u t a t a speed s u f f i c i e n t t o 
g i v e the i m p r e s s i o n o f a n i m a t i o n u s i n g o n l y a cheap d e s k t o p 
computer. The m o d e l l i n g methodology u n d e r l y i n g DIFAN has not 
been d e s c r i b e d i n t h e l i t e r a t u r e i n a groundwater m o d e l l i n g 
c o n t e x t ( s o f a r as t h e a u t h o r i s aware) p r i o r t o B e l l and 
Reeves ( 1 9 8 1 ) . 
DIFAN i s a p r o t o t y p e program w r i t t e n t o prove the 
v i a b i l i t y o f t he t e c h n i q u e . I t i s e s s e n t i a l l y p r o v i d e s a v e r y 
r a p i d means o f p r e l i m i n a r y e v a l u a t i o n o f p o l l u t i o n problems, as 
i n d i c a t e d by the examples quoted, r a t h e r t h a n a program 
s u i t a b l e f o r d e t a i l e d r e g i o n a l p r e d i c t i o n . 
Programs u s i n g t h e DIFAN methodology a r e under 
development a t the E n g i n e e r i n g Geology L a b o r a t o r i e s , Durham f o r 
a v a r i e t y o f groundwater m o d e l l i n g a p p l i c a t i o n s : 
( 1 ) r e g i o n a l p o l l u t i o n p r e d i c t i o n . 
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( 2 ) s i m u l a t i o n o f p e r m e a b i l i t y f o r f r a c t u r e n e t w o r k s . 
( 3 ) s i m u l a t i o n o f p o l l u t a n t a b s o r b t i o n by porous media. 
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CHAPTER TWELVE 
CONCLUSIONS AND RECOMMENDATIONS 
12.1 REVIEW:CONCLUSIONS AND RECOMMENDATIONS 
Groundwater m o d e l l i n g problems can be s u b d i v i d e d i n t o 
f o u r main c l a s s e s : 
( 1 ) P r e l i m i n a r y e v a l u a t i o n p r o b l e m s : where a q u i c k 
a p p r o x i m a t e answer i s r e q u i r e d . 
( 2 ) Parameter i d e n t i f i c a t i o n p r o b l e m s : where p a r a m e t e r 
v a l u e s a r e deduced by m a t c h i n g t h e o b s e r v e d r e s p o n s e o f a 
sy s t e m t o a known i n p u t . 
( 3 ) Response p r e d i c t i o n p r o b l e m s : where models a r e u s e d t o 
p r e d i c t t h e l i k e l y b e h a v i o u r o f s y s t e m s t o p o s s i b l e i n p u t s . 
( 4 ) S e n s i t v i t y a n a l y s i s p r o b l e m s : r e a l l y r e s p o n s e 
p r e d i c t i o n problems, where t h e e f f e c t s o f p o t e n t i a l 
u n c e r t a i n t i e s i n d a t a p a r a m e t e r s on t he p r e d i c t i o n a r e 
e v a l u a t e d . 
The p r i n c i p a l c o n c l u s i o n s t h a t can be drawn from a 
r e v i e w o f the s u c c e s s o f models i n s o l v i n g p r a c t i c a l problems 
a r e as f o l l o w s : 
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( 1 ) A n a l y t i c a l models a r e w i d e l y and s u c c e s s f u l l y u s e d i n 
p r e l i m i n a r y e v a l u a t i o n and p a r a m e t e r i d e n t i f i c a t i o n p r o b l e m s . 
T h e r e i s a t e n d e n c y t o use s u c h a u t o m a t i c a l l y w i t h o u t b e i n g 
aware o f t h e i m p l i c i t s i m p l i f y i n g a s s u m p t i o n s . T h i s can 
sometimes l e a d t o e r r o r s i n o t h e r models s i n c e t h e i r ' d a t a ' i s 
o f t e n d e r i v e d from a n a l y t i c a l p a r a m e t e r i d e n t i f i c a t i o n methods. 
RECOMMENDATION: Make s u r e t h e i m p l i c i t s i m p l i f y i n g a s s u m p t i o n s 
a r e v a l i d b e f o r e a p p l y i n g a n a l y t i c a l models. 
( 2 ) P h y s i c a l analogue models a r e o f t e n cumbersome, 
i n f l e x i b l e and e x p e n s i v e e x c e p t a s d e m o n s t r a t i o n s . They a r e 
r e l a t i v e l y r a r e i n p r a c t i c a l a p p l i c a t i o n s b e c a u s e o f t h e i r 
c o n s i d e r a b l e d i s a d v a n t a g e s . F o r problems where t h e porous 
medium s k e l e t o n and t he f l u i d i n t e r a c t , p h y s i c a l a n a l o g u e s 
remain a v a l u a b l e q u a l i t a t i v e g u i d e t o s y s t e m b e h a v i o u r . 
P h y s i c a l a n alogue e x p e r i m e n t s can be u s e d t o p r o v i d e u s e f u l 
c a l i b r a t i o n d a t a f o r n u m e r i c a l models. 
RECOMMENDATION: R e s o r t t o p h y s i c a l a n a l o g u e s o n l y f o r s k e l e t o n -
f l u i d i n t e r a c t i o n problems and as a c a l i b r a t i o n d a t a s o u r c e . 
( 3 ) E l e c t r i c a l a nalogue models o f the r e s i s t a n c e 
c a p a c i t a n c e t y p e have been r e p l a c e d by t h e much more f l e x i b l e 
n u m e r i c a l methods. ' T e l e d e l t o s ' paper models s t i l l p r o v i d e a 
v a l u a b l e means o f r a p i d l y e v a l u a t i n g ' s t e a d y - s t a t e ' f l o w 
problems, p a r t i c u l a r l y when t h e geometry of t he r e g i o n of 
i n t e r e s t i s complex. 
204 
RECOMMENDATION: C o n s i d e r e l e c t r i c a l a n a l o g u e s f o r p r e l i m i n a r y 
e v a l u a t i o n o f s t e a d y - s t a t e f l o w problems w i t h complex boundary 
geometry. 
( 4 ) D i s t r i b u t e d - p a r a m e t e r n u m e r i c a l models a r e the most 
w i d e l y u s e d ( and t h e r e f o r e t h e most w i d e l y abused) groundwater 
models. The abuse i s t o was t e r e s o u r c e s by a p p l y i n g a model 
w h i c h i s too s o p h i s t i c a t e d f o r t he a v a i l a b l e d a t a . I n p a r a m e t e r 
i d e n t i f i c a t i o n p roblems, n u m e r i c a l models s h o u l d f i n d much 
g r e a t e r a p p l i c a t i o n . S o p h i s t i c a t e d n u m e r i c a l models us e d f o r 
t h i s p u r p o s e h i g h l i g h t t h e a m b i g u i t i e s i n many s e t s of f i e l d 
and l a b o r a t o r y o b s e r v a t i o n . Where d a t a i s s p a r s e , and any 
r e g i o n a l r a t h e r t h a n l o c a l r e s p o n s e i s t o be p r e d i c t e d , lumped-
parameter models a r e c o s t - e f f e c t i v e a l t e r n a t i v e s . 
RECOMMENDATION: C o n s i d e r t h e a l t e r n a t i v e s and i f a d i s t r i b u t e d -
p arameter n u m e r i c a l model i s a p p r o p r i a t e , choose t h e model t o 
s u i t t h e a p p l i c a t i o n . 
( 5 ) Lumped-parameter n u m e r i c a l models a r e r a r e l y a p p l i e d , 
p r o b a b l y b e c a u s e of t h e wide a v a i l a b i l i t y o f d i s t r i b u t e d -
parameter p a c k a g e s . Lumped-parameter models a r e v e r y p o w e r f u l 
t o o l s f o r complex s y s t e m i n t e r a c t i o n problems, i n p l a n n i n g and 
f o r p r e l i m i n a r y e v a l u a t i o n o f r e g i o n a l p r o b l e m s . 
RECOMMENDATION: C o n s i d e r t h e adequacy o f a lumped-parameter 
s o l u t i o n and move on t o d i s t r i b u t e d - p a r a m e t e r models o n l y i f 
the d a t a and t h e p r e d i c t i o n s r e q u i r e d can j u s t i f y t h e move. 
( 6 ) R e g r e s s i o n models were c o n s i d e r e d as a s u b s e t o f 
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s t a t i s t i c a l models and a r e o n l y b r i e f l y r e v i e w e d . They a r e 
w i d e l y and s u c c e s s f u l l y u s e d f o r s h o r t term p r e d i c t i o n and d a t a 
' g a p - f i l l i n g ' problems. They a r e l e s s s u c c e s s f u l and 
p o t e n t i a l l y m i s l e a d i n g when a p p l i e d t o lo n g term p r e d i c t i o n . 
RECOMMENDATION: C o n s i d e r r e g r e s s i o n models f o r s h o r t term 
p r e d i c t i o n s , a v o i d them whenever p o s s i b l e f o r long term 
e x t r a p o l a t i o n s . 
( 7 ) S t o c h a s t i c models i n c l u d e both models which t r e a t 
a q u i f e r and f l u i d c h a r a c t e r i s t i c s as random v a r i a b l e s and t h o s e 
w h i c h r e g a r d t h e p r o c e s s e s o f f l o w and d i s p e r s i o n as 
f undaiaentaly s t o c h a s t i c (random-walk m o d e l s ) . S t o c h a s t i c 
p a r a m e t e r models a r e v a l u a b l e i n s e n s i t i v i t y a n a l y s i s and the 
p r i n c i p l e can be a p p l i e d t o a l l t y p e s o f a n a l y t i c a l and 
n u m e r i c a l models. Random-walk models o f f e r a s i m p l e , v e r y f a s t 
and p o t e n t i a l l y f l e x i b l e means of q u a n t i t a t i v e d i s t r i b u t e d -
p a r a meter s i m u l a t i o n p a r t i c u l a r l y s u i t e d t o m i c r o c o m p u t e r s . 
RECOMMENDATIONS: S t o c h a s t i c t r e a t m e n t o f h y d r o g e o l o g i c a l 
p a r a m e t e r s s h o u l d form an e s s e n t i a l e lement i n s e n s i t i v i t y 
a n a l y s e s . C o n s i d e r random-walk models where s p e e d on s m a l l 
computers i s e s s e n t i a l . 
I n a d d i t i o n t o t h e c o n c l u s i o n s drawn from t h e r e v i e w 
and c o m p a r a t i v e e v a l u a t i o n o f m o d e l l i n g methods, the r a p i d 
s p r e a d of m i c r o c o m p u t e r s has some s i g n i f i c a n t i m p l i c a t i o n s f o r 
groundwater m o d e l l i n g : 
( 1 ) Models w i l l be a c c e s i b l e t o many more non - e x p e r t 
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i n t e r a c t i v e t e r m i n a l u s e r s . Programs w i l l t h e r e f o r e need t o be 
much more c a r e f u l l y w r i t t e n i n o r d e r t o : 
( a ) m i n i m i z e u n n e c e s s a r y i n p u t / o u t p u t 
(b) check v a l i d i t y o f a l l i n p u t 
( c ) i n c l u d e s e n s i b l e d e f a u l t o p t i o n s 
(d) be f u l l y s e l f - o x p l a n a t o r y 
( e ) make e x t e n s i v e use o f v i d e o - g r a p h i c s 
( 2 ) U s e r s r e q u i r e r a p i d r e s p o n s e and a t p r e s e n t 
m i c r o c o m p u t e r s ca n n o t p r o v i d e t h i s f o r FDM and FEM s i m u l a t i o n s . 
Random-walk models, however, seem t o o f f e r a p o t e n t i a l 
a l t e r n a t i v e . 
( 3 ) M icrocomputers a r e an i d e a l medium f o r lumped-
p a r a m e t e r s y s t e m - i n t e r a c t i o n models and f o r ' c h e c k l i s t ' t y p e 
d e c i s i o n - a s s i s t i n g models. Such models a r e n e g l e c t e d a t p r e s e n t 
and a r e o f t e n r e g a r d e d as ' t r i v i a l ' by e x p e r t m o d e l l e r s . 
RECOMMENDATION: R e s e a r c h e f f o r t be c o n c e n t r a t e d on d e v e l o p i n g 
s i m p l e i n t e r a c t i v e m i c r o c o m p u t e r - b a s e d models f o r r o u t i n e use 
by t h e p r a c t i c a l h y d r o g e o l o g i s t and e n g i n e e r r a t h e r t h a n by t h e 
s p e c i a l i s t m o d e l l e r . 
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12.2 NIPREM: CONCLUSIONS AND RECOMMENDATIONS 
NIPREM has been d e v e l o p e d from an o r i g i n a l b a t c h -
p r o c e s s e d FORTRAN program f o r a mainframe computer i n t o an 
i n t e r a c t i v e BASIC proyram f o r a microcomputer. The program 
models t h e s o i l - w a t e r - n i t r o g e n c y c l e and i s d e s i g n e d to make 
r e g i o n a l p r e d i c t i o n s f o r e n v i r o n m e n t a l p l a n n i n g p u r p o s e s . 
C o n s i d e r a b l e improvements have been made i n the model 
ov e r t h e o r i g i n a l by Reeves ( 1 9 7 7 ) . NIPREM g e n e r a t e s 
p r e d i c t i o n s of r e g i o n a l n i t r a t e l e v e l s i n r u n - o f f , the 
u n s a t u r a t e d zone, the s a t u r a t e d zone and t o t a l catchment 
d i s c h a r g e . I t a l s o p r e d i c t s c r o p u ptake o f n i t r o g e n and the 
l e v e l of n i t r o g e n i n s o i l o r g a n i c i a a t t e r . A l l t h e s e 
o b s e r v a t i o n s have been c h e c k e d by c a l i b r a t i o n and v a l i d a t i o n 
r u n s f o r a v a r i e t y o f h y d r o l o g i c a l and a g r i c u l t u r a l s y s t e m s . 
NIPREM r e m a i n s , however, a l a r g e l y e m p i r i c a l model s i n c e many 
p a r a m e t e r s must be s e t d u r i n g t h e c a l i b r a t i o n s t a g e by mat c h i n g 
o b s e r v e d d a t a . 
NIPREM i s e a s y t o run i n t e r a c t i v e l y as a p r e d i c t i v e 
model but c a l i b r a t i o n r u n s a r e complex. S i n c e a g r e a t d e a l o f 
time must be s p e n t on c a l i b r a t i o n , t h e NIPREM program c o u l d be 
improved by p r o v i d i n g c a l i b r a t i o n r o u t i n e s p e r m i t t i n g e a s y 
amendment o f the most s e n s i t i v e p a r a m e t e r s . The o u t p u t from 
NIPREM was d e s i g n e d t o g i v e f i n a l c atchment o u t f l o w n i t r a t e 
l e v e l s . D u r i n g c a l i b r a t i o n , however, o t h e r o u t p u t s u c h as 
u n s a t u r a t e d zone n i t r a t e p r o f i l e s c o u l d be p r e s e n t e d i n 
g r a p h i c a l form. The i t e r a t i v e p r o c e s s f o r c a l c u l a t i n g 
' e q u i l i b r i u m ' s o i l n i t r o g e n l e v e l s d u r i n g c a l i b r a t i o n c o u l d be 
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a c c e l e r a t e d t o save t i m e and the convergence p r e s e n t e d 
g r a p h i c a l l y t o mi n i m i s e o u t p u t volume. 
NIPREM p r o v i d e s an a l t e r n a t i v e t o t h e more 
c o n v e n t i o n a l r e g r e s s i o n e x t r a p o l a t i o n models. I t has been 
c a l i b r a t e d and v a l i d a t e d on independent d a t a s e t s and, w i t h i n 
t h e bounds o f c a l i b r a t i o n , i s expected t o be r e l i a b l e over 
p r e d i c t i o n p e r i o d s o f s e v e r a l decades. 
RECOMMENDATIONS: NIPREM can be improved by m o d i f y i n g t h e 
i n p u t / o u t p u t aspects o f t h e c a l i b r a t i o n phase. Models o f the 
NIPREM ty p e can be c o n s i d e r e d as a l t e r n a t i v e s t o r e g r e s s i o n 
e x t r a p o l a t i o n models f o r r e g i o n a l p l a n n i n g purposes. 
12.3 MINES: CONCLUSIONS AND RECOMMENDATIONS 
MINES i s a v e r y s i m p l e model u s i n g s u b j e c t i v e 
p r o b a b i l i t i e s based on t h e e x p e r i e n c e o f e x p e r t s t o p r o v i d e t h e 
user w i t h an a i d t o d e c i s i o n - m a k i n g . The s i m p l e 'menu' i n p u t 
prompt r o u t i n e makes t h e user aware o f t h e parameters r e l e v a n t 
t o t h e problem and s h o u l d t r i g g e r t h e c o l l e c t i o n o f f u r t h e r 
d a t a . MINES was developed v e r y r a p i d l y i n response t o a 
p a r t i c u l a r problem and many o t h e r a p p l i c a t i o n s o f s i m i l a r 
models are p o s s i b l e . I n c o r p o r a t i o n o f t r a n s i t i o n d i g r a p h t h e o r y 
i n t o MINES-type models w i l l a l l o w more complex d e c i s i o n 
s t r u c t u r e s t o be programmed when necessary. 
RECOMMENDATION: MINES-type models t o be c o n s i d e r e d f o r many 
de c i s i o n - m a k i n g problems u s i n g t r a n s i t i o n d i g r a p h s t o f o r m u l a t e 
t h e d e c i s i o n 'trees'» 
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12.4 DIFAN: CONCLUSIONS AND RECOMMENDATIONS 
DIFAN uses a random-walk model t o s i m u l a t e d i s p e r s i o n 
i n 2-D. Q u a n t i t a t i v e s i m u l a t i o n s are p o s s i b l e and DIFAN has 
been v a l i d a t e d by i t s a b i l i t y t o r e p l i c a t e p u b l i s h e d a n a l y t i c a l 
and n u m e r i c a l s o l u t i o n s . Development o f DIFAN i s i n c o m p l e t e , i n 
p a r t i c u l a r t h e t h e o r e t i c a l r e l a t i o n s h i p between f i e l d d a t a 
parameters and model parameters has n o t been f u l l y 
i n v e s t i g a t e d . DIFAN i s a p r o t o t y p e model which i n d i c a t e s t h a t 
t he method has pro m i s e . 
A major advantage o f the random-walk model concept 
e x p l o i t e d by DIFAN i s t h e absence o f any s i g n i f i c a n t a r i t h m e t i c 
and t h e v e r y s i m p l e t r a n s l a t i o n o f l o g i c o p e r a t i o n s on b i n a r y 
data i n t o assembler code f o r a microcomputer. T h i s leads t o 
v e r y f a s t e x e c u t i o n and t h e a t t r a c t i v e c a p a b i l i t y f o r animated 
v i d e o g r a p h i c d i s p l a y s . 
Random-walk models are e x c e l l e n t f o r d e m o n s t r a t i o n 
purpose b u t i f v i a b l e on a q u a n t i t a t i v e b a s i s can be o f immense 
p r a c t i c a l v a l u e . 
RECOMMENDATIONS: Research e f f o r t be devoted t o e x p l o r i n g t h e 
t h e o r e t i c a l b a s i s f o r t h e q u a n t i t a t i v e a p p l i c a t i o n o f random-
walk s i m u l a t i o n o f d i s p e r s i o n . Models based on t h e DIFAN 
p r o t o t y p e t o be developed t o demonstrate t h e q u a l i t a t i v e 
process o f d i s p e r s i o n t h r o u g h animated v i d e o d i s p l a y s . 
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12.5 POSTCRIPT 
Most groundwater models are c r e a t e d and developed by 
' p r o f e s s i o n a l m o d e l l e r s ' who have l o s t ( o r never had) the 
a b i l i t y t o understand t he l i m i t a t i o n s and app r o x i m a t e n a t u r e o f 
f i e l d d a t a . 
Most f i e l d g e o l o g i s t s and h y d r o g e o l o g i s t s have no 
c r i t i c a l a p p r e c i a t i o n o f t h e assumptions and l i m i t a t i o n s 
i m p l i c i t i n many groundwater models. 
As a r e s u l t many s o - c a l l e d ' p r e d i c t i o n models' have 
l u d i c r o u s data r e q u i r e m e n t s or are used t o s o l v e problems f o r 
which t h e y are t o t a l l y u n s u i t e d . 
T h i s s t u d y arose from such a mismatch. An e x c e l l e n t 
d i s t r i b u t e d - p a r a m e t e r f i n i t e element program was developed b u t 
th e model data r e q u i r e m e n t s were c o m p l e t e l y d i v o r c e d from t h e 
r e a l d a t a a v a i l a b i l i t y . What are needed are models w i t h d ata 
r e q u i r e m e n t s t h a t are r e a s o n a b l y met by f i e l d c o l l e c t i o n 
programs and f i e l d c o l l e c t i o n programs which c o n c e n t r a t e on 
data f o r which model p r e d i c t i o n s e n s i t i v i t y i s h i g h . A 
m o d e l l i n g e x e r c i s e must answer t h e f o l l o w i n g q u e s t i o n s i n t h e 
f o l l o w i n g o r d e r : 
1. What p r e d i c t i o n s are needed? 
2. What data i s a v a i l a b l e ? 
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3. What data can r e a s o n a b l y be c o l l e c t e d ? 
4. What models are a v a i l a b l e ? 
5. Which ( i f any) model i s a p p r o p r i a t e ? 
Many o f t h e abuses and misuses o f models would be 
avo i d e d i f these q u e s t i o n s were c o n s i d e r e d a t an e a r l y s t a g e . 
Many i n t e n d e d e x e r c i s e s would be abandoned w i t h consequent 
s a v i n g o f r e s o u r c e s . 
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APPENDIX ONE 
LIST OF SYNTHETIC DATASETS USED IN CHAPTER TWO 
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DATASET ONE (Q=lE3 m3/day:T=100 m2/day:S=lE-4:R=50 m) 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
Theis 3.47E-4 .05 
6.94E-4 .19 
1.39E-3 .47 
2.78E-3 .87 
.01 1.75 
.02 2.36 
.04 2.91 
.08 3.42 
.17 3.97 
.33 4.53 
.67 5.09 
1.00 5.41 
2.00 5.89 
4.00 6.52 
8.00 7.09 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
Leakage 3.4 7E-4 .04 
6.94E-4 .19 
( r / L = 1) 1.39E-3 .33 
2.78E-3 .52 
.01 .68 
.02 .67 
.04 .66 
.08 .66 
.17 .67 
.33 .67 
.67 .67 
1.00 .67 
2.00 .67 
4.00 .67 
8.00 .67 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
Delayed Y i e l d 3.47E-4 .03 
6.94E-4 .14 
( r / p = 1) 1.39E-3 .33 
2.78E-3 .52 
.01 .67 
.02 .67 
.04 .67 
.08 , .67 
.17 .66 
.33 .67 
.67 .68 
1.00 .80 
2.00 .96 
4.00 1.03 
8.00 1.12 
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DATASET ONE (Q=lE3 m3/day:T=100 ra2/day : S=lE-4 : R=50 m) 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
P a r t i a l P e n e t r a t i o n 3.47E-4 .08 
6.94E-4 .20 
(B = 1) 1.39E-4 .39 
2.78E-4 .64 
.01 .96 
.02 1.11 
.04 1.18 
.08 1.24 
.17 1.30 
.33 1.31 
.67 1.35 
1..00 1.3 6 
2.00 1.36 
4.00 1.39 
8.00 1.39 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
Recharge boundary 3.47E-4 .17 
6.94E-4 .23 
(B = 2) 1.39E-3 .43 
2.78E-3 .67 
.01 .95 
.02 1.02 
.04 1.08 
.08 1.10 
.17 1.10 
.33 1.10 
.67 1.10 
1.00 1.10 
2.00 1.10 
4.00 1.09 
8.00 1.10 
Pumping c o n d i t i o n s Time (days) Drawdown (m) 
B a r r i e r boundary 3.4 7E-4 .03 
6.94E-4 .18 
(B = 10) 1.39E-3 .51 
2.78E-3 .88 
.01 1.81 
.02 2.23 
.04 2.86 
.08 3.73 
.17 4.53 
.33 5.48 
.67 6.53 
1.00 7.16 
2.00 7.96 
4.00 9.14 
8.00 10.50 
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DATASET TWO 
Pumping c o n d i t i o n s 
Theis 
(Q=1E3 m3/day:T=lE3 m2/day:S=.1:R=50 m) 
Drawdown (m) 
Pumping c o n d i t t i o n s 
Leakage 
( r / L = 1) 
Pumping c o n d i t i o n s 
Delayed Y i e l d 
( r / B = 1) 
Time (days) 
3.47E-4 
6 . 94E-4 
1 .39E-3 
2.78E-3 
.01 
.02 
.04 
.08 
.17 
.33 
.67 
00 
00 
00 
1 
2 
4 
8.00 
Time (days) 
,47E-4 
, 94E-4 
,39E-3 
78E-3 
01 
02 
04 
08 
17 
33 
67 
00 
00 
00 
8. 00 
Time (days) 
.47E-4 
, 94E-4 
• 39E-3 
,78E-3 
,01 
, 02 
, 04 
,08 
,17 
,33 
,67 
,00 
,00 
,00 
. 04 
. 07 
.10 
.14 
.17 
.24 
. 28 
.34 
Drawdown (m) 
.01 
. 02 
. 05 
.06 
. 06 
. 07 
.07 
.06 
.07 
Drawdown (m) 
8. 00 
.02 
. 03 
. 06 
. 07 
.06 
.07 
.08 
.06 
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DATASET TWO 
Pumping c o n d i t i o n s 
P a r t i a l P e n e t r a t i o n 
(£ - 1) 
(Q=1E3 m3/day:T=lE3 m2/day:S=.1:R=50 m) 
Drawdown (m) 
Pumping c o n d i t i o n s 
Recharge boundary 
(p = 2) 
Pumping c o n d i t i o n s 
B a r r i e r boundary 
(JB = 10) 
Time (days) 
3 
6 
1 
2 
1 
2 
4 
4 7E-4 
94E-4 
39E-3 
78E-3 
01 
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PROGRAM NIPREM 
60 CLEAR 20 0 
62 REM C a l c u l a t e a v a i l a b l e storage 
g2 REM ******************************************* 
64 AS=FRE(0) 
68 I F AS<0 THEN AS=65536+AS 
72 AS=INT((AS-8950)/1024) 
74 REM Function to c a l c u l a t e TANTH 
75 REM ********************************************************* 
76 DEF FNA(X)=(EXP(X)-EXP(-X))/(EXP(X)+EXP(-X)) 
80 REM ********************************************************* 
82 REM 
84 REM Program to p r e d i c t nitrogen content o f n a t u r a l waters 
86 REM using c l i m a t i c , land use,animal population and 
88 REM f e r t i l i z e r usage s t a t i s t i c s . 
90 REM 
92 REM The program i s s e l f explanatory when run. The r o u t i n e 
94 REM that e x p l a i n s the model used s t a r t s at statement 1000 
96 REM 
98 REM ********************************************************* 
100 REM Main program 
101 REM ******************************************************** 
102 NU=100 
104 s $="****************•' : S$=S$+S$ :S$=S$+S$ 
106 PRINT CHR$(12) 
108 PRINT S$:PRINT:PRINT " N i t r a t e p r e d i c t i o n model v e r s i o n "; 
109 PRINT "3.0 w r i t t e n i n microsoft BASIC":PRINT 
112 PRINT "Program by M J Reeves / J F B e l l ":PRINT:PRINT S$ 
116 PRINT:Q$="Do you want a f u l l explanation of the program" 
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120 GOSUB 1100:ON R GOTO 124,126 
124 GOSUB 1000:PRINT CHR$(12) 
126 PRINT:PRINT "Main data i n p u t sequence i i 
127 PRINT " * * * * * * * * * * * * * * * * * * * * * * * * " 
128 PRINT:PRINT "How many sub-areas";:MN=1:MX=20:GOSUB 1200 
132 NS=R 
136 PRINT:PRINT "How many ti m e steps";:MN=1:MX=50:GOSUB 1200 
14 0 NT=R 
14 3 REM Dimension minor a r r a y s 
144 GOSUB 14 00 
14 7 REM Read i n b a s i c data c o n s t a n t s 
148 GOSUB 1300 
151 REM Dimension main data s t o r a g e a r r a y s 
152 GOSUB 1500 
155 REM Read i n f i r s t t i m e s t e p main data 
156 NI=1:PRINT:Q$="Is t h e da t a s t o r e d i n data s t a t e m e n t s " 
158 GOSUB 1100:ON R GOSUB 2000,1600 
160 Q$="Do you want t o c y c l e u s i n g f i x e d d a t a " 
162 GOSUB 1100:R=R-2:AU=-2*R 
164 FOR MA=1 TO MS 
167 REM Set up data f o r model t i m e s t e p 
168 NP=0:GOSUB 3000 
171 REM C a l c u l a t e model i n p u t s i n kg/ha 
172 GOSUB 3100:GOSUB 3300:GOSUB 3400:GOSUB 3200 
175 REM C a l c u l a t e c r o p r e c o v e r y f a c t o r s 
176 I F NI=1 THEN GOSUB 3700 
179 REM C a l c u l a t e s o i l n i t r o g e n balances 
180 S1=SN 
184 GOSUB 3500:GOSUB 3600 
191 REM Set up u n s a t u r a t e d zone model f o r f i r s t t i m e s t e p 
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192 I F NI=1 THEN GOSUB 4100:GOTO 200 
195 REM Operate u n s a t u r a t e d zone model f o r o t h e r t i m e s t e p s 
196 GOSUB 4200 
199 REM Operate s a t u r a t e d zone model 
200 GOSUB 4300 
203 REM P r i n t n i t r o g e n balance r e s u l t s 
204 GOSUB 4700 
20 7 REM I t e r a t e f o r e q u i l i b r i u m SOM l e v e l 
208 I F NI=1 AND ABS(SN-S1)>0.1 THEN SN=2*SN-S1:GOTO 180 
209 REM P r i n t o u t a q u i f e r model data 
210 REM I F NI=27 THEN GOSUB 4400 
211 REM Save data f o r n e x t s t e p 
212 GOSUB 4500 
213 REM Repeat f o r n e x t sub-area 
214 NEXT MA 
215 REM D i s p l a y data f o r whole catchment 
216 GOSUB 4600 
219 REM Increment t i m e s t e p and t e s t f o r end 
220 NI=NI+1 
224 I F NI>NT THEN 232 
22 7 REM Read i n n e x t t i m e s t e p d a t a 
228 I F DR>2 THEN 164 
23 0 ON DR GOSUB 1600,2000:GOTO 164 
232 END 
1000 REM Rou t i n e t o e x p l a i n t h e use o f the program 
1001 DATA ******************************************** 
1002 DATA "NIPREM i s a system dynamics program w r i t t e n i n " 
1003 DATA "BASIC f o r " , " i m p l i m e n t a t i o n on a rnicrocomput 
1004 DATA " r w i t h a t l e a s t 32K RAM. "NIPREM i s d e s i g " 
1005 DATA "ned t o p r e d i c t n i t r a t e l e v e l s i n water s u p p l i e s " 
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1006 DATA 
1007 DATA 
1008 DATA 
1009 DATA 
1010 DATA 
1011 DATA 
1012 DATA 
1013 DATA 
1014 DATA 
1015 DATA 
1016 DATA 
1017 DATA 
1013 DATA 
1019 DATA 
1020 DATA 
1021 DATA 
1022 DATA 
1023 DATA 
1024 DATA 
1025 DATA 
1026 DATA 
1027 DATA 
1028 DATA 
1029 DATA 
1030 DATA 
1031 DATA 
1032 DATA 
1033 DATA 
1034 DATA 
1035 DATA 
I I I I I I I I I I I I I I 
/ I / 
u s i n g c l i m a t i c , l a n d use, animal p o p u l a t i o n and f " 
e r t i l i z e r usage " , " d a t a . " , " " 
NIPREM i s s e l f e x p l a n a t o r y , promrjts i n p u t , and c" 
o n t a i n s t y p i c a l " , " v a l u e s f o r a l l data i t e m s . " , " " 
The s t r u c t u r e o f NIPREM i s as f o l l o w s 
1. Statements 60-74 make a v a i l a b l e and ch" 
eck s t o r a g e . "," 2. Statements 75-76 hyper" 
b o l i c t a n g e n t f u n c t i o n . "," 3. Statements" 
80-23 2 main program w i t h remarks. " 
4. Statements 1000-3412 data m a n i p u l a t i o n and" 
i n p u t . "," 5. Statements 3500-4336 s y s t e " 
m dynamics models. "," 6. Statements" 
44 00-4 72 8 data m a n i p u l a t i o n and o u t p u t . " 
Statements 60-74 are s p e c i f i c t o t h e system on w" 
h i c h t h e program","was developed and may be r e p l a c e " 
d o r o m i t t e d . ","The main program" 
from 80-232 i s e s s e n t i a l l y a sequence o f sub- " 
r o u t i n e c a l l s a n o t a t e d w i t h a p p r o p r i a t e remarks.","" 
M u l t i p l e main d a t a s e t s may be i n c o r p o r a t e d by mo" 
d i f y i n g 2896 " / ' t o RESTORE t o t h e s t a r t o f t h e d" 
e s i r e d d a t a s e t . ","The o u t p u t r o u t i " 
nes a t 4400, 4600 and 4700 may be s e l e c t i v e l y " 
d i s a b l e d by m o d i f y i n g t h e c a l l i n g s t a tements 210" 
, 216 and 204 . "/'The 'mobile' n i t r o g e n model (35" 
00-3528 ) t akes r a i n f a l l and " / ' i n o r g a n i c f e r t i l " 
i z e r i n p u t s p l u s a m i n e r a l i s e d f r a c t i o n o f SOM " 
and wastes i n p u t t o form a mo b i l e ' p o o l ' . Some m" 
o b i l e N i s f i x e d " , " b y c r o p s , t h e remainder i s a v a i l " 
a b l e f o r l e a c h i n g . The l e a c h i n g " / ' f u n c t i o n i s desc" 
r i b e d by 3516-3520. Leached N i s p a r t i t i o n e d " 
240 
103 6 DATA "between i n f i l t r a t i o n and r u n o . f i . " , " " 
1037 DATA "The 'immobile N p o o l ' a c c o u n t s f o r SOM. A d d i t i o n " 
1038 DATA "s i n c l u d e a " / ' f r a c t i o n of w a s t e s , n o n - h a r v e s t e 
1039 DATA "d c r o p u ptake and a t m o s p h e r i c " / ' f i x a t i o n . The po 
104 0 DATA " o l i s d i m i n i s h e d by SOM m i n e r a l i s a t i o n . " 
1041 DATA "Crop r e c o v e r y f a c t o r s a r e c a l c u l a t e d as w e i g h t e d " 
1042 DATA " a v e r a g e s u s i n g " / ' t h e r o u t i n e a t 3700 ."/'" 
1043 DATA "The u n s a t u r a t e d zone model i s i n i t i a l i s e d by t h e " 
1044 DATA " r o u t i n e a t 4100"/'The ' p i s t o n ' d i s p l a c e m e n t model 
104 5 DATA "of u n s a t u r a t e d f l o w a t 4200 " / ' a l l o w s f o r 'b" 
104 6 DATA " y p a s s ' f i s s u r e f l o w and d e n i t r i f i c a t i o n . " 
1047 DATA "The s a t u r a t e d zone model a t 4300 c o m p r i s e s a ' f u " 
104 8 DATA " l l y mixed p o o l ' " , " a l l o w i n g d e n i t r i f i c a t i o n " 
104 9 DATA "NIPREM i s a development of e a r l i e r models d e s c r i b " 
1050 DATA "ed by R e e v e s " , " ( 1 9 7 5 ) and CWPU ( 1 9 7 7 ) . " , " " 
1070 PRINT:PRINT "When you have r e a d t h e t e x t , t y p e RETURN "; 
1072 PRINT " c o n t i n u e o r stop":PRINT 
1074 RESTORE 1002 
1075 DIM NL(14) 
10 76 NL(1)=2:NL(2)=3:NL(3)=2:NL(4)=8:NL(5)=2:NL(6)=2:NL(7)=2 
10 7 8 NL ( 8 ) =2 : NL ( 9 ) =6 : NL (10 ) =3 : NL (11) =2 : NL (12 ) =3 : NL (13 ) =2 
1080 NL(14)=2 
1082 FOR 1=1 TO 14 
1084 NL=NL(I):GOSUB 1150 
1086 I F A$="ST" OR A$= " s t " THEN 1=14 
10 88 NEXT I 
10 9 0 RETURN 
1100 REM R o u t i n e t o h a n d l e y e s / n o r e p l i e s 
1101 REM ***************************************************** 
1104 PRINT Q$;:INPUT R$:R$=LEFT$(R$,1) 
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1108 I P R$="Y" OR R$="y" THEN R=l:PRINT:RETURN 
1112 I F R$="N" OR R$="n" THEN R=2:PRINT:RETURN 
1116 PRINT:PRINT " P l e a s e answer y e s or no":GOTO 1104 
1150 REM R o u t i n e t o r e a d e x p l a n a t o r y s t r i n g s 
1151 REM ******************************************************* 
1152 PRINT 
1154 FOR J = l TO NL:READ A$,B$:PRINT A$+B$:NEXT J 
1156 INPUT A$:A$=LEFT$(A$,2) 
115 8 RETURN 
1200 REM R o u t i n e t o h a n d l e d a t a i n p u t 
12 01 REM ******************************************************* 
12 04 INPUT R$:R=VAL(R$) 
1208 I F R=0 AND R$<>"0" THEN PRINT:GOTO 1240 
1212 I F R>MX OR R<MN THEN PRINT:GOTO 1244 
1216 RETURN 
124 0 PRINT " I n v a l i d d a t a - t r y again":PRINT:GOTO 12 04 
124 4 PRINT "Data o u t o f range - t r y again":PRINT:GOTO 12 04 
13 00 REM R o u t i n e t o r e a d i n b a s i c c o n s t a n t s 
13 01 15EM ******************************************************* 
13 02 DATA 0.35,0.35 
13 03 DATA 55,275,85,85,0,75 
13 04 DATA 50,18,10,0.3,4.5 
1305 DATA 0.73,0.95,0.95,0.85,0.5,0.9 
1306 DATA 0.62,0.90,0.62,0.65,0.1,0.6 
13 09 DATA " o k " , E n t e r new v a l u e , k g / h a , k g / y r / h e a d 
1310 DATA F r a c t i o n o f a n i m a l w a s t e N m i n e r a l i s e d , 0 , 0 . 5 
1311 DATA F r a c t i o n o f a n i m a l w a s t e N v o l a t i l i z e d , 0 , 0 . 5 
1312 DATA F i x a t i o n by t i l l a g e c r o p s , 2 5 , 7 5 
1313 DATA F i x a t i o n by c l o v e r ' a n d r o t a t i o n g r a s s e s , 2 0 0 , 3 0 0 
1314 DATA F i x a t i o n by permanent g r a s s , 5 0 , 1 0 0 
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1315 DATA F i x a t i o n by rough g r a s s , 5 0 , 1 0 0 
1316 DATA F i x a t i o n by urban a r e a , 0 , 1 0 0 
1317 DATA F i x a t i o n by woodlands,50,100 
1318 DATA C a t t l e w a s t e M , 40 , 60,Sheep waste N,15,20,Pig w a s t e 
1319 DATA 8 , 1 2 , P o u l t r y w a s t e N , 0 . 2 , 0.4,Human waste N,4,5 
13 2 0 DATA F r a c t i o n r e c o v e r e d t i l l a g e , 0 . 4 , 0 . 6 
1321 DATA F r a c t i o n r e c o v e r e d c l o v e r and r o t a t i o n g r a s s , 0 . 8 , 1 
1322 DATA F r a c t i o n r e c o v e r e d permanent g r a s s , 0 . 8 , 0 . 9 
1323 DATA F r a c t i o n r e c o v e r e d rough g r a s s , 0 . 8 , 0 . 9 
1324 DATA F r a c t i o n r e c o v e r e d urban a r e a , 0 , 0 . 5 
1325 DATA F r a c t i o n r e c o v e r e d woodland,0.6,0.9 
1326 DATA F r a c t i o n o f t i l l a g e r e c o v e r y h a r v e s t e d , 0 , 1 
1327 DATA F r a c t i o n o f c l o v e r and g r a s s r e c o v e r y h a r v e s t e d , 0 , 
13 2 8 DATA F r a c t i o n of permanent g r a s s r e c o v e r y h a r v e s t e d , 0 , 1 
1329 DATA F r a c t i o n o f rough g r a z i n g r e c o v e r y h a r v e s t e d , 0 , 1 
1330 DATA F r a c t i o n o f urban r e c o v e r y h a r v e s t e d , 0 , 1 
1331 DATA F r a c t i o n of woodland r e c o v e r y h a r v e s t e d , 0 , 1 
1332 RESTORE 13 02 
1334 READ WM,WV 
1336 FOR I =1 TO 6:READ N F ( I ) :NEXT I 
1340 FOR I =1 TO 5:READ WN(I):NEXT I 
1344 FORI = 1 TO 6:READ C F ( I ) : N E X T I 
1346 FOR I =1 TO 6:READ Ctf(I):NEXT I 
13 4 8 PRINT :Q$="Do you want t o check t h e b a s i c d a t a c o n s t a n t s 
1352 GOSUB 1100:ON R GOTO 13 56,13 98 
1356 PRINT :READ Q$,Rl$,R2$,R3$ 
1358 READ R$,MN,MX: PRINT R$;TAB(40);WM;:GOSUB 1100 
1359 ON R GOTO 13 61,13 60 
1360 PRINT :PRINT Rl$;:GOSUB 1200:WM=R 
1361 READ R$,MN,MX: PRINT R$;TAB(40);WV;:GOSUB 1100 
243 
1362 ON R GOTO 1364,1363 
13 63 PRINT:PRINT Rl$;:GOSUB 1200:WV=R 
13 64 FOR 1=1 TO 6:PRINT 
1366 READ R$,MN,MX:PRINT R$;TAB(40);NF(I);R2$;:GOSUB 1100 
13 6 8 ON R GOTO 13 72,13 70 
1370 PRINT:PRINT Rl$;:GOSUB 1 2 0 0 : N F ( I ) = R 
13 72 NEXT I 
13 74 FOR 1=1 TO 5:PRINT 
1376 READ R$,MN,MX:PRINT R$;TAB(40);WN(I);R3 $; :GOSUB 1100 
13 7 8 ON R GOTO 13 82,13 80 
1380 PRINT:PRINT Rl$;:G0SU3 1200:WN(I)=R 
13 82 NEXT I 
13 84 FOR 1=1 TO 6:PRINT 
1386 READ R$,MN,MX:PRINT R$?TAB(50);CF(I);:GOSUB 1100 
13 88 ON R GOTO 13 92,13 90 
1390 PRINT:PRINT Rl$;:GOSUB 1 2 0 0 : C F ( I ) = R 
13 92 NEXT I 
13 93 FOR 1=1 TO 6:PRINT 
13 94 READ R$,MN,MX:PRINT R$;TAB(50);CH(I);:GOSUB 1100 
1395 ON R GOTO 1397,1396 
1396 PRINT:PRINT Rl$;:GOSUB 1200:CH(I)=R 
13 97 NEXT I 
13 9 8 RETURN 
14 00 REM R o u t i n e t o dimen s i o n minor a r r a y s 
14 01 REM ******************************************************* 
14 04 DIM L A ( 6 ) ,NF(6) ,PP(5) ,WN(5) ,FA(4 ) ,CF(6) ,CH(6) 
1408 DIM LU(NU),VU(NU),VT(NU) 
1412 N2=256+48+2*NU 
1416 RETURN 
1500 REM R o u t i n e t o d i m e n s i o n main d a t a s t o r a g e a r r a y s 
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1501 REM ****************************************** 
1503 REM Dimension a q u i f e r and s o i l c h a r a c t e r i s t i c s a r r a y s 
1504 DIM MR(NS),PH(NS),SN(NS),TU(NS),PU(NS),DU(NS),TS(NS),PS(NS) 
1505 DIM DS(NS ) ,FF(NS ) ,FI(NS ) ,RF(NS ) ,EV(NS ) ,UN(NS ) ,RN(NS ) 
150 7 REM Dimension l a n d use a r e a a r r a y s 
1508 DIM T I (NS ) ,CG( NS ) , PG ( NS ) , RG ( NS ) , UC (NS ) ,V?D (NS ) , TA( NS ) 
1511 REM Dimension p o p u l a t i o n a r r a y s 
1512 DIM CA(NS),SH(NS),PI(NS),PY(NS),HM(NS) 
1515 REM Dimension f e r t i l i z e r a p p l i c a t i o n r a t e a r r a y s 
1516 DIM F T ( N S ) , F C ( N S ) , F P ( N S ) , F R ( N S ) 
1519 REM Dimension c l i m a t i c a r r a y s 
1520 DIM RQ(NS),ET(NS) 
1521 REM Dimension u n s a t u r a t e d zone model a r r a y s 
1522 DIM LG(NU,NS),VG(NU,NS) 
1523 REM Dimension a c c u m u l a t o r a r r a y s 
1524 DIM GC(NS),GV(NS),RC(NS),RV(NS) 
152 5 REM C a l c u l a t e t o t a l s t o r a g e r e q u i r e m e n t 
1526 Nl=37 
1528 PRINT " T o t a l d a t a s t o r a g e r e q u i r e m e n t = "; 
153 2 PRINT INT((N2+NS*(Nl+2*NU))/256);"K b y t e s " 
153 6 PRINT:PRINT " T o t a l a v a i l a b l e d a t a s t o r a g e = " ; 
154 0 PRINT AS;"K b y t e s " 
154 4 RETURN 
1600 REM R o u t i n e t o r e a d d a t a i n from t e r m i n a l 
1601 REM ******************************************************* 
1602 DR=1:IF NI>1 THEN DR=DR+AU 
16 04 FOR NA =1 TO NS 
1606 I F NI>1 THEN 1712 
1608 PRINT:PRINT "Sub-area";NA;"data input":PRINT 
1610 PRINT " S o i l m o b i l e n i t r o g e n l e v e l ( k g / h a ) " ; T A B ( 5 0 ) ; 
1611 MN=0:MX=20 0:GOSUB 12 0 0:MR(NA)=R 
1612 PRINT " S o i l e f f e c t i v e g r a i n s i z e (mm)";TAB(50); 
1616 MN=2E-3:MX=2:GOSUB 12 0 0:PH(NA)=R 
1617 PRINT " I n i t i a l SOM n i t r o g e n l e v e l ( k g / h a ) " ; T A B ( 5 0 ) ; 
1618 MN=1000:MX=10000:GOSUB 1200:SN(NA)=R 
1620 PRINT " T h i c k n e s s of u n s a t u r a t e d zone (m)";TAB(50); 
1624 MN=0,01:MX=100:GOSUB 12 00:TU(NA)=R 
162 8 PRINT " F r a c t i o n a l p o r o s i t y of u n s a t u r a t e d zone";TAB(50) 
1632 MN=0.001:MX=0.6:GOSUB 1200:PU(NA)=R 
163 6 PRINT "Unsat. zone f r a c t i o n d e n i t r i f i e d " ; T A B ( 5 0 ) ; 
1640 MN=0:MX=0.5:G0SUB 1200:DU(NA)=R 
1644 PRINT " T h i c k n e s s o f s a t u r a t e d zone (m)" ; T A B ( 5 0 ) ; 
1648 MN=1:MX=2 00:GOSUB 1200:TS(NA)=R 
1652 PRINT " F r a c t i o n a l p o r o s i t y o f s a t u r a t e d z o n e " ; T A B ( 5 0 ) ; 
1656 MN=0.001:MX=0.6:GOSUB 1200:PS(NA)=R 
1660 PRINT " S a t . zone f r a c t i o n d e n i t r i f i e d " ; T A B ( 5 0 ) ; 
16 64 MN=0:MX=0.5:GOSUB 1200:DS(NA)=R 
1668 PRINT " F r a c t i o n of d i r e c t f i s s u r e i n f l o w " ; T A B ( 50 ) ? 
1672 MN=0:MX=0.5:GOSUB 12 00 : F F (NA ) =R 
1673 PRINT " D i r e c t r u n o f f as f r a c t i o n o f r a i n f a l l " ; T A B ( 5 0 ) ; 
1674 MN=0.01:MX=0.99:GOSUB 1200:FI(NA)=1-R 
1676 PRINT "Average a n n u a l r a i n f a l l (mm)";TAB(50); 
1680 MN=5 00:MX=1000:GOSUB 1200:RF(NA)=R 
1684 PRINT "Average a n n u a l e v a p o t r a n s p i r a t i o n (mm)";TAB(50); 
1688 MN=200:MX=1000:GOSUB 1200:EV(NA)=R 
1692 PRINT "Urban r a i n n i t r o g e n c o n t e n t (mg/1)";TAB(50); 
1696 MN=0 :MX=10:GOSUB 1200 :UN(NA)=R 
1700 PRINT " R u r a l a r e a r a i n n i t r o g e n c o n t e n t (mg/1)";TAB(50) 
1704 MN=0:MX=6:GOSUB 1200:RN(NA)=R 
1712 PRINT:PRINT "Time i n c r e m e n t number";NI:PRINT 
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1716 PRINT " I n p u t a l l r e q u e s t e d a r e a s i n th o u s a n d s o f h e c t a r e s 
1720 PRINT "1 h e c t a r e i s 10000 s q u a r e metres":PRINT 
1724 MN=0:MX=1000 
1728 PRINT " T i l l a g e c r o p area";TAB(50);:GOSUB 1200:TI(NA)=R 
173 2 PRINT " C l o v e r and r o t a t i o n g r a s s a r e a " ; T A B ( 5 0 ) ; 
1733 GOSUB 1200:CG(NA)=R 
173 6 PRINT "Permanent g r a s s a r e a " ; T A B ( 5 0 ) ; 
173 7 GOSUB 1200:PG(NA)=R 
1740 PRINT "Rough g r a z i n g area";TAB(50);:GOSUB 1200:RG(NA)=R 
1744 PRINT "Urban area";TAB(50);:GOSUB 1200:UC(NA)=R 
174 8 PRINT "Woodland and o t h e r r u r a l a r e a " ; T A B ( 5 0 ) ; 
1749 GOSUB 1200:WD(NA)=R 
1752 PRINT:PRINT " i n p u t a l l p o p u l a t i o n f i g u r e s i n t h o u s a n d s " 
1756 PRINT:MN=0:MX=5000 
1760 PRINT " C a t t l e population";TAB(50);:GOSUB 1200:CA(NA)=R 
1764 PRINT "Sheep population";TAB(50);:GOSUB 1200:SH(NA)=R 
1768 PRINT " P i g population";TAB(50);:GOSUB 12 00:PI(NA)=R 
1772 PRINT " P o u l t r y population";TAB(50);:GOSUB 1200:PY(NA)=R 
1776 PRINT "Human population";TAB(50);:GOSUB 1200:HM(NA)=R 
1780 PRINT:PRINT " i n p u t f e r t i l i z e r a p p l i c a t i o n r a t e s i n kg/ha" 
1784 PRINT:MN=0:MX=4 00 
1788 PRINT " T i l l a g e c r o p N a p p l i c a t i o n " ; T A B ( 5 0 ) ; 
1789 GOSUB 1200:FT(NA)=R 
1792 PRINT " C l o v e r and r o t a t i o n g r a s s N a p p l i c a t i o n " ; T A B ( 5 0 ) ; 
1793 GOSUB 1200:FC(NA)=R 
1796 PRINT "Permanent g r a s s N a p p l i c a t i o n " ; T A B ( 5 0 ) ; 
1797 GOSUB 1200:FP(NA)=R 
1800 PRINT "Rough g r a s s N a p p l i c a t i o n " ;TAB(50); 
1801 GOSUB 12 00:FR(NA)=R 
1804 PRINT:PRINT " I n p u t c l i m a t i c v a r i a b l e s i n mm per time s t e p 
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1808 PRINT:MN=100:MX=2000 
1812 PRINT " R a i n f a l l i n time i n t e r v a l " ; T A B ( 5 0 ) ; 
1813 GOSUB 1200:RQ(NA)=R 
1816 PRINT " E v a p o t r a n s p i r a t i o n i n time i n t e r v a l " ; T A B ( 5 0 ) ; 
1817 GOSUB 1200:ET(NA)=R 
182 0 NEXT NA 
1824 RETURN 
2000 REM R o u t i n e t o s t o r e and r e a d from DATA s t a t e m e n t s 
2 001 REM ***************************************** 
2002 REM B r o a d b a l k wheat c a l i b r a t i o n d a t a 0 kg/ha/a 
2 0 03 REM ******************************************************** 
2004 DATA 0,.2,3112 
2005 DATA 5 , .4 , . 09,95 , .015 , 0,. 15,. 99 , 650 , 425,2 (.9 
2006 DATA 10,0,0,0,0,0,0,0,0,0,0,0,0,0,0,650,425 
2007 REM B r o a d b a l k wheat c a l i b r a t i o n d a t a 14 5 kg/ha/a 
200 8 REM ******************************************************* 
2009 DATA 1,.2,3414 
2010 DATA 5,.4,. 09,95,.015,0 , .15,.99,650,425,2,.9 
2011 DATA 10,0,0,0,0,0,0,0,0,0,0,145,0,0,0,650,425 
2012 REM Park g r a s s c a l i b r a t i o n d a t a 0 kg/ha 
2 013 REM ******************************************************* 
2014 DATA 0, .2,5557 
2015 DATA 5 , .4,.09,95 , .015 ,0 , .15 , .99,650 ,425 ,2 , .9 
2016 DATA 0,0,10,0,0,0,0,0,0,0,0,0,0,0,0,650,425 
2017 REM Park g r a s s c a l i b r a t i o n d a t a 14 5 kg/ha 
2 018 REM ******************************************************* 
2 019 DATA 0 , .2,5 82 2 
2020 DATA 5,.4,.09,95,.015,0,.15,.99,650,425,2, . 9 
2021 DATA 0,0,10,0,0,0,0,0,0,0,0,0,0,145,0,650,425 
2022 REM Park g r a s s c a l i b r a t i o n d a t a 290 kg/ha 
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2 023 REM *********************************** 
2024 DATA 0, .2,7400 
2025 DATA 5 , .4 , .09,95 , .015 , 0 , .15,.99,650,425,2,.9 
2026 DATA 0,0,10,0,0,0,0,0,0,0,0,0,0,290,0,650,425 
202 7 REM Park g r a s s c a l i b r a t i o n d a t a 43 5 kg/ha 
202 8 REM ******************************************************* 
2029 DATA 0, .2,9075 
2030 DATA 5 , .4 , . 09,95 , .015 , 0 , .15,.99,650,425,2,.9 
2031 DATA 0,0,10,0,0,0,0,0,0,0,0,0,0,435,0,650,425 
203 2 REM H o o s f i e l d c a l i b r a t i o n d a t a 0 kg/ha 
2 033 REM ******************************************************* 
2 03 4 REM Change r e c o v e r y from .58 f o r wheat t o .73 f o r b a r l e y 
203 5 REM Change h a r v e s t e d from .56 f o r wheat t o .62 f o r b a r l e y 
203 6 DATA 0, .5,24 72 
2037 DATA 5 , .4 , .1,95 , .015,0,.15,.99,625,425,4,1.75 
2038 DATA 10,0,0,0,0,0,0,0,0,0,0,0,0,0,0,625,425 
203 9 REM H o o s f i e l d c a l i b r a t i o n d a t a 4 8 kg/ha 
2 04 0 REM ******************************************************* 
2041 DATA 0, .5,2700 
2042 DATA 5,.4,.1,95,. 015 ,0,.15,.99,625,425 ,4,1. 75 
2043 DATA 10,0,0,0,0,0,0,0,0,0,0,48,0,0,0,625,425 
2044 REM H o o s f i e l d c a l i b r a t i o n d a t a 96 kg/ha 
204 5 REM ******************************************************* 
204 6 DATA 0,.5,3050 
2047 DATA 5 , .4 ,.1 , 95 ,. 015 , 0 , .15 , .99 , 625 ,425 ,4 ,1.75 
2048 DATA 10,0,0,0,0,0,0,0,0,0,0,96,0,0,0,625,425 
204 9 REM H o o s f i e l d c a l i b r a t i o n d a t a 144 kg/ha 
2 0 50 REM ******************************************************* 
2051 DATA 0 ,.5,3422 
2052 DATA 5 , .4 , .1,95,. 015,0,.15,.99,625,425,4,1.75 
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2053 DATA 10 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 1 4 4 , 0 , 0 , 0 , 6 2 5 , 4 2 5 
2 054 REM Whitehead c a l i b r a t i o n d a t a example one-mixed g r a s s e s 
2055 REM Have changed C F ( . 9 5 t o .90),CH(.62 t o .80)NF(85 t o 91) 
2056 REM ******************************************* 
2057 REM ** To c a l i b r a t e Whitehead data,remove REM from 3606 ** 
2058 REM ** and i n s e r t t h e v a l u e o f SM i n the d a t a s e t ******** 
20 6 0 DATA 0 , .5 ,484 
2061 DATA 1 , .4 , .6 ,95 , .015,0,.15,.99,625,425,4,1.75 
2062 DATA 0,0,10,0,0,0,0,0,0,0,0,0,0,340,0,625,425 
2063 REM Whitehead c a l i b r a t i o n d a t a example two-mixed g r a s s e s 
20 64 REM ******************************************************* 
2065 DATA 0 , .5,484 
2066 DATA 5 , .4,.6,95 , .015,0,.15,.99,625,425,4,1.75 
2067 DATA 0,0,10,0,0,0,44,0,0,0,0,0,0,340,0,625,425 
2069 REM ******Remove REM from 3522 i f l e a c h i n g = 0 ********* 
20 70 REM Whitehead c a l i b r a t i o n d a t a example t h r e e - c l o v e r / g r a s s 
20 71 REM ******************************************************* 
2072 DATA 28, .20 ,7734 
2073 DATA 5 , .4 , 0,95 , . 0 1 5,0,.15,.99,625,425,4,1.75 
2074 DATA 0,10,0,0,0,0,0,0,0,0,0,0,0,0,0,625,425 
2075 REM Whitehead c a l i b r a t i o n d a t a example f o u r - c l o v e r / g r a s s 
20 76 REM ******************************************************* 
2077 REM ************* NF changed from 284 to 275 ************** 
2079 DATA 33 , .20,7734 
2080 DATA 5,.4 , 0 , 95 , .015 , 0,.15 , .99,625 , 425 , 4 ,1.75 
2081 DATA 0,10,0,0,0,0,36,0,0,0,0,0,0,0,0,625,425 
2089 REM U n s a t zone-New Hampshire North F i e l d 194 8 - 1974 
2090 REM ******************************************************* 
2091 DATA 0,.2,3112 
2092 DATA 20, . 3 0 , . 0 5 , 9 5 , . 0 1 5 , 0 , . 1 0 , . 9 9 , 8 2 5 , 4 2 5 , 4 , 1 . 7 5 
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2093 DATA 10,0,0,0,0 0 r0 0 0 0 0 ,75,0,0,0,825,425 
2094 DATA 0,10 ,0,0,0 0 0 0 ,0 0 0 ,0,75,0,0,645,425 
2095 DATA 10,0,0,0,0 0 r0 0 0 0 0 ,140,0,0,0,885,425 
2096 DATA 10 , 0 , 0 , 0 , 0 ,0 0 r0 0 0 ,60,0,0,0,1000,425 
2097 DATA 10,0,0,0,0 0 r0 0 0 0 0 ,60 ,0,0,0,775,425 
2098 DATA 10 ,0 ,0,0,0 0 0 0 ,0 0 0 ,45,0,0,0,650 ,425 
2099 DATA 0,10,0,0,0 0 ,0 0 0 0 0 ,0,70,0,0,625,425 
2100 DATA 0,10 ,0,0,0 0 0 0 0 0 ,0 ,0,225,0,0,825,425 
2101 DATA 10,0,0,0,0 0 0 0 0 0 0 ,175,0,0,0,800,425 
2102 DATA 0,10,0,0,0 0 r0 0 0 0 0 ,0,150,0,0,825,425 
2103 DATA 0,10,0,0 , 0 0 0 0 0 0 0 ,0,140,0,0,725,425 
2104 DATA 10,0,0 , 0 , 0 0 0 0 0 0 0 ,170,0,0,0,730,425 
2105 DATA 0,0,10,0,0 0 ,0 0 0 0 0 ,0,0,85,0,900,425 
2106 DATA 0,0,0,10,0 0 r0 0 0 0 0 ,0,0 ,0,200 ,1075,425 
2107 DATA 10,0,0,0,0 0 0 0 0 0 0 60,0,0,0,765,425 
2108 DATA 0,10,0,0,0 0 0 0 0 0 0 0,140,0,0,635,425 
2109 DATA 0,10,0,0 , 0 0 0 0 0 0 0 0,150,0,0,535,425 
2110 DATA 0,10,0,0 , 0 0 0 0 0 0 0 0,140,0,0,615,425 
2111 DATA 10,0,0,0,0 0 0 0 0 0 0 0,0,0,0,965 ,425 
2112 DATA 10,0,0,0,0 0 0 0 0 0 0 0,0,0,0,875 ,425 
2113 DATA 10,0,0,0,0 0 0 0 0 0 0 0,0,0,0,800 ,425 
2114 DATA 10,0,0,0,0 0 r0 0 0 0 0 80,0,0,0,965,425 
2115 DATA 10,0,0,0 , 0 0 0 0 0 0 0 110,0,0,0,715 ,425 
2116 DATA 10,0,0,0,0 0 0 0 0 0 0 0,0,0,0,875 ,425 
2117 DATA 10 , 0 , 0,0,0 o 0 0 0 0 0 150 ,0,0,0 ,725,425 
2118 DATA 10,0,0,0 , 0 0 0 0 0 0 0 150 ,0,0,0 ,655,425 
2119 DATA 10 , 0 , 0,0,0 0 0 0 0 0 0 120,0,0,0,745,425 
2121 REM R i v e r w a t e r d a t a c a l i b r a t i o n / v e r i f i c a t i o n - R . S t o u r 
2122 REM ****************************************** 
2123 DATA 0, .20,4650 
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2124 DATA 4 , . 2 5 , .45,10,.30,0 , .10 , .95 , 560 , 300,4 .5 , 2.5 
2125 DATA 4 5,6,26,14,4,4,26,42,50,453,76,14,0,4,0,560,300 
2126 DATA 4 7,7,24,12,4,5,28,39,42,466,77,15,0,4,0,560,300 
2127 DATA 53,6,21,11,4,6,28,29,24,334,78,17,0,5,0,560,300 
2128 DATA 52,8,19,11,4,7,29,27,17,297,79,18,2,5,0,560,300 
2129 DATA 54,8,18,10,5,9,31,23,13,231,80,19,4,5,0,432,300 
2130 DATA 55,8,17,10,5,9,30,19,14,256,82,20,5,5,0,560,300 
2131 DATA 54,10,17,10,5,8,29,17,18,304,83,21,9,6,0,483,300 
2132 DATA 54,10,17,10,5,8,29,16,18,335,84,22,12,7,0,560,300 
2133 DATA 54,10,17,10,5,9,28,13,12,362,85,23,14,8,0,560,300 
2134 DATA 55,10,16,10,5,7,28,12,17,457,86,24,17,9,0,508,300 
2135 DATA 54,10,16,10,5,7,30,11,24,549,87,25,19,9,0,457,300 
2136 DATA 56,8,16,10,5,8,33,11,27,580,88,26,22,10,0,533,300 
2137 DATA 55,9,16,10,5,7,33,11,37,592,89,28,25,11,0,686,300 
2138 DATA 56,9,16,9,5,8,31,12,45,600,92,29,26,12,0,622,300 
2139 DATA 58,8,16,8,5,11,33,13,44,586,95,30,27,13,0,496,300 
2140 DATA 57,8,15,8,6,10,30,13,53,543,97,32,27,13,0,610,300 
2141 DATA 57,9,15,9,6,9,31,16,54,580,100,33,28,14,0,508,300 
2142 DATA 57,8,15,8,6,9,33,17,52,618,103,34,29,15,0,533,300 
2143 DATA 55,9,15,11,5,6,32,19,56,653,105,35,29,16,0,585,300 
2144 DATA 56,8,15,11,6,6,31,21,59,706,108,44,35,18,1,788,300 
2145 DATA 56,9,15,10,6,6,32,24,57,788,111,48,38,22,1,430,300 
2146 DATA 57,7,14,10,6,6,34,23,55,824,113,54,42,24,2,737,300 
2147 DATA 56,9,14,10,6,5,34,24,58,899,116,58,45,26,2,559,300 
2148 DATA 57,8,14,10,6,7,32,23,66,831,118,65,50,29,2,483,300 
2149 DATA 58,8,14,9,6,7,31,22,68,861,121,68,56,32,3,533,300 
2150 DATA 59,8,13,9,6,7,30,22,77,886,124,72,59,34,3,450,300 
2151 DATA 61,7,12,9,7,8,30,21,86,963,126,75,64,35,3,640,300 
2152 DATA 63,5,12,8,7,8,29,20,86,965,129,79,70,38,3,560,300 
2153 DATA 63,5,12,9,7,7,28,17,88,1070,132,82,77,45,3,570,300 
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2896 I F NI=1 THEN RESTORE 2121 
2 898 DR=2:IF MI>1 THEN DR=DR+AU 
2900 FOR NA=1 TO NS 
2902 I F NI>1 THEN 2920 
2903 READ MR(NA) 
2904 READ PH(NA),SM(NA),TU(NA),PU(NA),DU(NA),TS(NA),PS(NA) 
2908 READ DS(NA) ,FF(NA) ,FI(NA ) ,RF(NA) ,EV(NA ) ,UN(NA) ,RN(NA) 
2920 READ TI(NA),CG(NA),PG(NA),RG(NA),UC(NA),WD(NA) 
2924 READ CA(NA),SH(NA),PI(NA),PY(NA),HM(NA) 
2928 READ FT(NA),FC(NA),FP(NA),FR(NA) 
2932 READ RQ(NA),ET(NA) 
2 93 6 NEXT NA 
294 0 RETURN 
3000 REM R o u t i n e t o s e t up model d a t a 
3 001 PEM ***************************************** 
3004 L A ( 1 ) =TI (NA ) : LA( 2 ) =CG( NA ) : LA( 3 ) =PG( NA ) : LA( 4 ) =RG( NA ) 
3 0 0 5 LA(5)=UC(NA):LA(6)=WD(NA) 
3 0 0 8 PP (1 ) =CA ( NA) : PP ( 2 ) =SH (NA ) : PP ( 3 ) =PI (NA ) : PP ( 4 ) =PY (NA ) 
3009 PP(5)=HM(NA) 
3 012 F A ( 1 ) = F T ( N A ) : F A ( 2 ) = F C ( N A ) : F A ( 3 ) = F P ( N A ) : F A ( 4 ) = F R ( N A ) 
3 013 RQ=FI(NA)*RQ(NA)/1000:RR=(FI(NA)*RQ(NA)-ET(NA))/1000 
3015 FOR 1=1 TO N:LU ( I ) = L G ( I , N A ) : V U ( I ) = V G ( I , N A ) : N E X T I 
3 016 MR=MR(NA):SN=SN(NA):DU=DU(NA):DS=DS(NA):FF=FF(NA):TU=TU(NA) 
3020 TS=TS(NA):PU=PU(NA):PS=PS(NA):PH=PH(NA):UN=UN(NA):RN=RN(NA) 
3022 R O = ( l - F I ( N A ) ) * R Q ( N A ) / 1 0 0 0 
3 024 R A = ( F I ( N A ) * RF(NA)-EV(NA))/1000 
3 02 5 I F RR<0 THEN RR=0 
3 02 8 RETURN 
3100 REM R o u t i n e t o c a l c u l a t e r a i n f a l l i n p u t 
3101 REM ******************************************************* 
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3104 TA=0:FOR 1=1 TO 6:TA=TA+LA(I):NEXT I 
3108 UA=LA(5):RU=TA-UA 
3112 RI=10*(RQ+RO)*(RN*RU+UN*UA)/TA 
3116 RETURN 
3200 REM R o u t i n e t o c a l c u l a t e a t m o s p h e r i c f i x a t i o n i n p u t 
32 01 REM **************************************** 
3204 AF=0:FOR 1=1 TO 6:AF=AF+NF(I)*LA(I):NEXT I 
32 06 AF=AF/TA 
3207 K4=.01:K5=3 
3208 F E = ( ( A W + A F ) / ( K 5 * R I + F I ) ) ~ K 4 
3210 AF=FE*AF 
3212 RETURN 
33 00 REM R o u t i n e t o c a l c u l a t e a n i m a l w a s t e s i n p u t 
33 01 REM ******************************************************* 
3304 AW=0:FOR 1=1 TO 5:AW=AW+WN(I)*PP(I):NEXT I 
33 06 AW=AW-WN(5)*PP(5) 
33 08 AW=AW/TA:VL=WV*AW 
3312 RETURN 
34 00 REM R o u t i n e t o c a l c u l a t e i n o r g a n i c f e r t i l i z e r i n p u t 
34 01 REM ******************************************************* 
34 04 FI=0:FOR 1=1 TO 4 : F I = F I + F A ( I ) * L A ( I ) : N E X T I 
34 08 F I = F I / T A 
3412 RETURN 
3500 REM R o u t i n e t o c a l c u l a t e m o b i l e n i t r o g e n b a l a n c e 
3 501 REM ******************************************************* 
3502 Kl=-.52 
3503 K2=25 
3504 K3=-.02:K6=0.04 
3 50 5 FS=K6*EXP(-(K5*RI+FI)~K1/SQR(PH))*RR/RA 
3 506 SM=FS*SN 
254 
3 50 8 MR=MR+SM+RI+WM*(AW-VL)+PI 
3512 CR=CF*MR*(K5*RI+FI)~K3:MR=MR-CR 
3 516 FM=K2 *RR*SQR(PH)*(RR/RA) 
3 518 I F FM>20 THEN FM=20 
3 52 0 FM=FNA(FM) 
3521 REM ****.**Remove REM from 3522 i f l e a c h i n g = 0 ********* 
3 52 2 REM FM=0 
3524 LN=FM*MR:MR=MR-LN 
3526 LR=RO*LN/(RO+RR):LN=LN-LR 
3 52 8 RETURN 
3600 REM R o u t i n e t o c a l c u l a t e immobile n i t r o g e n b a l a n c e 
3 601 REM ******************************************************* 
3 604 SN=SN+AF+(1-WM)*(AW-VL)+(1-CH)*CR-SM 
3605 REM ** To c a l i b r a t e Whitehead data,remove REM from 3606 ** 
3 60 6 REM SN=773 4 
3 60 8 RETURN 
3700 REM R o u t i n e t o c a l c u l a t e c r o p r e c o v e r y f a c t o r s 
3 701 REM ******************************************************* 
3 704 CF=0:FOR 1=1 TO 6 : C F = C F + C F ( I ) * L A ( I ) : N E X T I 
3708 CH=0:FOR 1=1 TO 6:CH-CH+CH(I)*LA(I):NEXT I 
3 712 CF=CF/TA:CH=CH/TA 
3 716 RETURN 
410 0 REM R o u t i n e t o s e t up u n s a t u r a t e d zone model 
4101 REM ******************************************************* 
4104 X1=1-DU:X2=1-FF:X3=1-DS 
4108 UT=RA*X2/PU:N=INT(TU/UT) 
4112 I F N>NU THEN 414 6 
4116 LU=0:VI=UT 
4120 FOR 1=1 TO N : Y=I-1 : VU( I ) =UT : LU ( I ) =LN* ( Xl~~Y ) 
4124 LU=LU+LU(I):NEXT I 
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412 8 VU(N+l)=TU-N*UT:LU(N+l)=LU(N)*X1*VU(N+l)/VU(N) 
413 2 LU=LU+LU(N+l):LI-LU(N)+LU(N+l)-LU(N)*VU(N+l)/VU(N) 
413 6 VI=VI*PU/PS:LI=X1*LI:CU=0.l*LU/(TU*PU) 
413 8 LF=LN*FF:VF=VI*FF:LP=LI:VP=VI 
414 0 Y=TS/(VP+VF) 
4142 L S = ( L F + L P ) * Y * ( X 3 ~ ( Y - l ) ) 
414 4 RETURN 
414 6 PRINT:PRINT " U n s a t u r a t e d zone a r r a y d i m e n s i o n e d too s m a l l " 
414 8 STOP:RETURN 
4200 REM R o u t i n e t o d r a i n u n s a t u r a t e d zone 
4 2 01 REM ******************************************* 
4202 X1=1-DU:X2=1-FF:X3=1-DS 
4 2 04 UT=RR*X2/PU 
4208 LU=0:FOR 1=1 TO N + l : I I = N + 3 - I : V U ( I I ) = V U ( I I - l ) 
4212 L U ( I I ) = X 1 * L U ( I I - l ) : L U = L U + L U ( I I ) : N E X T I 
4216 VU(1)=UT:LU(1)=LN:LU=LU+LU(1):VI=UT 
4220 LI=0:FOR 1=1 TO N+l:II=N+3-I 
4224 L I = L I + L U ( I I ) : U T = U T - V U ( I I ) 
4228 I F UT>0 THEN 4234 
4230 L U ( I I ) = - U T * L U ( I I ) / V U ( I I ) : V U ( I I ) = - U T 
4232 L I = L I - L U ( I I ) : I = N + 1 
4234 NEXT I : N = I I - 1 
4 23 6 VI=VI*PU/PS:LU=LU-LI 
4 24 0 RETURN 
43 00 REM R o u t i n e t o s e t up s a t u r a t e d zone model 
43 01 REM ******************************************************* 
4302 DT=DS*LS+DU*LU 
4304 LS=LS*X3:VS=TS 
4308 LF=LN*FF:VF=VI*FF 
4312 LP=LI:VP=VI 
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4316 LS=VS*(LS+LF+LP)/(VS+VF+VP) 
4324 LN=LN-DT 
43 2 8 AC=0.l*(LS*RA/(VS*PS)+LR)/(RA+RO) 
433 2 RETURN 
44 00 REM R o u t i n e t o p r i n t a q u i f e r model o u t p u t 
4 4 01 REM ******************************************* 
44 04 PRINT:PRINT:PRINT "Sub-area model o u t p u t " 
4 4 06 PRINT "********************* " ; PRIN'P 
44 0 8 PRINT "Depth (m) N l o a d (kg/ha) N cone (mg/1)" 
4 412 PRINT:FOR 1=1 TO N+l 
4414 V T ( 0 ) = 0 : V T ( I ) = V U ( I ) + V T ( I - 1 ) 
4416 PRINT T A B ( 2 ) ; V T ( I ) ; T A B ( 1 6 ) ; L U ( I ) ; 
4418 PRINT TAB(32);0.1*LU(I)/(VU(I)*PU):NEXT I 
4420 PRINT:PRINT "U n s a t u r a t e d zone o v e r a l l " 
44 24 PRINT:PRINT TAB(2);TU;TAB(16);LU;TAB(32);0.l*LU/( TU*PU) 
4426 PRINT:PRINT " S a t u r a t e d zone o v e r a l l " 
44 2 8 PRINT:PRINT TAB(2);TS;TAB(16);LS;TAB(32);0.l*LS/(TS*PS) 
4432 PRINT:PRINT "Runoff o v e r a l l " 
443 6 PRINT:PRINT TAB(16);LR;TAB(32);0.l*LR/RO 
4440 PRINT "Rive r water n i t r o g e n " 
4444 PRINT:PRINT TAB(16);LR+LS*RA/(VS*PS);TAB(32);AC:PRINT 
44 4 8 PRINT:RETURN 
4500 REM R o u t i n e t o save data f o r subsequent c a l c u l a t i o n s 
4 501 REM ******************************************************* 
4 5 04 MR (NA ) =MR : SN ( NA ) =SN : TA ( NA) =TA 
4 508 FOR 1=1 TO N:VG(I,NA)=VU(I):LG(I,NA)=LU(I):NEXT I 
4512 GV(NA)=100*RA/(RA+RO):RV(NA)=100-GV(NA) 
4 516 GC(NA)=0.1*LS/(VS*PS):RC(NA)=0.l*LR/RO 
4520 RETURN 
4600 REM R o u t i n e t o p r i n t o u t p u t f o r a l l sub-areas 
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4 601 HEM ******************************************************* 
4 6 04 PRINT:PRINT:PRINT "Catchment model o u t p u t " 
4 6 06 PRINT "**********************":PRINT 
4608 PRINT "Sub-area";TAB(16);"Groundwater";TAB(35);"Runoff"; 
4609 PRINT T A B ( 5 1 ) ; " O v e r a l l " 
4612 A$="Conc V o l " 
4616 PRINT TAB(16);A$;TAB(32);A$;TAB(48);A$ 
4620 A$="mg/1 %" 
4624 PRINT TAB(16);A$;TAB(32); A$;TAB(48);A$ 
4 62 5 PRINT 
4 62 6 GC=0:GV=0:RC=0:RV=0 
4 62 8 FOR NA=1 TO NS 
4632 PRINT TAB(3);NA;TAB(15);0.1*INT(10*GC(NA));TAB(23); 
4633 PRINT 0.1*INT(10*GV(NA));TAB(31);0.1*INT(10*RC(NA)); 
4634 PRINT TAB(39);0.1*INT(10*RV(NA));TAB(47); 
4635 PRINT 0.1*INT((GV(NA)*GC(NA)+RV(NA)*RC(NA))/10);TAB(55);100 
4 63 6 GC=GC+GC(NA)* GV(NA)* TA(NA):GV=GV+GV(NA)* TA(NA) 
4 64 0 RC=RC+RC(NA)*RV(NA)* TA(NA):RV=RV+RV(NA)*TA(NA) 
4 64 4 NEXT NA:PRINT 
4652 PRINT " O v e r a l l " ; T A B ( 1 5 ) ; 0 . 1*INT(10*GC/GV);TAB(23); 
4653 PRINT 0.1*INT(1000*GV/(GV+RV));TAB(31);0.1*INT(10*RC/RV); 
4654 PRINT TAB(39);0.1*INT(1000*RV/(GV+RV));TAB(47); 
4655 PRINT 0.1*INT(10*(GC+RC)/(GV+RV));TAB(55);100 
4656 PRINT 
4 6 60 RETURN 
4 700 REM N i t r o g e n balance p r i n t r o u t i n e 
4 701 REM ******************************************************* 
4704 I F NP>0 THEN 4716 
4 706 PRINT:PRINT:PRINT " N i t r o g e n balance model" 
4 70 7 PRINT "**********************":PRINT 
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4708 PRINT " S o i l N l e v e l s " ; T A B ( 2 3 ) ; " I n p u t s " ; T A B ( 4 8 ) ; " O u t p u t s " 
4709 PRINT TAB(3);"kg/ha";TAB(23);"kg/ha";TAB(49);"kg/ha" 
4 710 PRINT "irnmob" ;TAB( 9 ) ; "Mob" ;TAB( 14 ) ; "Atmos" ;TAB( 20 ) ; "Waste" 
4711 PRINT TAB(26);"Rain";TAB(32);"Fert";TAB(40);"Crop";TAB(46) 
4712 PRINT "Volat";TAB(52);"Denit";TAB(58);"Leach" 
4 713 PRINT 
4 716 PRINT INT(SN);TAB(8);INT(MR);TAB(14);INT(AT);TAB(20); 
4717 PRINT INT(AW);TAB(26);INT(RI);TAB(32);INT(FI);TAB(40); 
4 718 PRINT INT(CH*CR);TAB(46);INT(VL);TAB(52);INT(DT);TAB(58); 
4 719 PRINT INT(LN+LR) 
4 72 0 NP=MP+1 
4 724 I F NP=25 THEN NP=0 
4 72 8 RETURN 
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APPENDIX THREE 
LISTING OF PROGRAM MINES, PLUS TYPICAL RUNTIME DIALOGUE 
260 
PROGRAM MINES 
10 PRINT CHR$(12) 
20 PRINT PROG MINE -A SYSTEM FOR DETERMINING ii 
3 0 PRINT n THE LIKELY COMPOSITION OF WASTEWATER 
4 0 PRINT n FROM MINE WORKINGS AND TIPS. n 
50 PRINT n Program by J . F . B e l l I I 
60 PRINT 
70 PRINT"Do you want a b r i e f e x p l a n a t i o n o f t h e program"; 
80 INPUT ZZ$ 
90 ZZ$=LEFT$(ZZ$,1):IP ZZ$="Y"ORZZ$="y"THEN GOSUB 1530 
91 REM *************************************************** 
92 REM Dat a s e t s f o r question/answer r o u t i n e s 
93 REM *************************************************** 
100 DATA GRAIN SIZE,Large b r a s s y c r y s t a l s 
110 DATA Small v i s i b l e c r y s t a l s , F i n e l y disseminated,.5,1,3 
120 DATA HUMIDITY,100%,Moist/unknown,Dry,3,1,.01 
130 DATA TEMPERATURE (CENTIGRADE),Much g r e a t e r than 20 
140 DATA G r e a t e r t h a n 20,Less t h a n 20,3,2,1 
150 DATA DEPTH OF BURIAL OF PYRITE/COVER ON PYRITE 
160 DATA L i t t l e / n o cover,Cover more t h a n one metre ( c l a y ) 
170 DATA D e l i b e r a t e l y covered i n c l a y , 3 , . 1 , . 0 1 
180 DATA AMOUNT OF COMPACTION OF TIP/TIP FORMATION 
190 DATA Loose tipping,Some compaction/grading,B.S.Compacted 
200 DATA 3,1,.5,AMOUNT OF CARBONATE IN COUNTRY ROCK 
210 DATA L s t / D o l o m i t e p r e s e n t i n e x c e s s , L s t / D o l o m i t e absent 
220 DATA Some ca r b o n a t e present5,2,1,PERMEABILITY OF SOIL 
23 0 DATA H e a v i l y f i s s u r e d / j o i n t e d , I m p e r m e a b l e ( c l a y c o v e r i n g ) 
240 DATA Not s i g n i f i c a n t , 2 , . 1 , 1 CONCENTRATION OF OXYGEN PRESENT 
250 DATA F u l l y a e r a t e d , P a r t i a l l y a e r a t e d , A n a e r o b i c , 3 , 1 0 1 
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2 60 DATA BACTERIAL ACTIVITY,Obviously p r e s e n t 
270 DATA P o s s i b l y present,Absent,3,1,.5 
280 DATA SOURCE OF POLLUTION,Mainly s p o i l heaps,Mainly mines 
2 85 DATA 2,1,1,.5,.5,.1,1,1,2,1.5 
290 DATA DEPTH OF MINE WORKINGS,Shallow <100m,Deep >1000m 
2 95 DATA 2,1,1,.5,1,.1,1,1,2,1 
3 00 DATA VENTILATION OF MINES OR SPOIL,Good,Bad 
305 DATA 2,1,1.5,1,2,.1,1,.5,1,.5 
310 DATA SULPHUR CONTENT OF ORE/COAL,More t h a n 3%,Less t h a n 3% 
315 DATA 1,2,1,1,1,1,.1,1,1,1 
32 0 DATA pH OF GROUNDWATER,Less than 3.5,Greater t h a n 3.5 
33 0 DATA 1,2,2,.5,1,1,.5,.5,2,1 
34 0 DATA CLAY/CARBONATE OBVIOUSLY PRESENT IN MINED ROCK,Yes,NO 
34 5 DATA 1,.5,.5,2,1,1,2,2,.5,1 
3 50 DATA STATE OF MINING,Active,Ceased 
3 55 DATA 1,1,1,1,2,1,1,1,1,.5 
360 DATA SITE OF MINING,USA,UK,1.5,1,2,.25,1,.1,1,.5,1.5,1 
3 61 REM ************************************************** 
362 REM C a l c u l a t e p r o b a b i l i t y o f p o l l u t i o n o c c u r i n g 
3 63 REM ************************************************** 
370 FY=.5:NF=.5 
3 80 FOR X l = l TO 9:READ Dl$ 
3 90 PRINT:PRINT Dl$:PRINT 
400 GOSUB 530 
410 NEXT X I 
411 REM ************************************************** 
412 REM C a l c u l a t e p r o b a b i l i t i e s o f p o l l u t i n g w a t e r s 
413 REM ************************************************** 
420 FOR JK=1 TO 5:P(JK)=.2;NEXT JK 
43 0 FOR X3=l TO 8:READ D3$ 
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44 0 PRINT:PRINT D3$:PRINT 
450 GOSUB 760 
4 60 NEXT X3 
465 GOSUB 1160 
470 REM Prog n e a r l y f i n i s h e d 
4 80 PRINT:PRINT"Do you w i s h t o b e g i n again";:INPUT ZZ$ 
490 ZZ$=LEFT$(ZZ$,1):IF ZZ$="Y"ORZZ$="y"THEN 510 
500 GOTO 520 
510 RESTORE:GOTO 10 
52 0 PRINT:PRINT "RUN COMPLETE":PRINT:END 
52 5 REM ***************************************** 
53 0 REM Subr t o s e l e c t answers t o " f a c t o r s " q u e s t i o n s 
53 5 REM ************************************************ 
540 FOR 11=1 TO 3:READ D2$:PRINT 11;":";D2$:NEXT I I 
550 PRINT" 4: Don't know/Not a p p l i c a b l e " 
560 PRINT:PRINT"ENTER (1/2/3/4):";:INPUT X2$:X2=VAL(X2$) 
570 I F X2$="/" THEN 520 
580 I F X2>4 OR X2<1 THEN 560 
585 FOR 11=4 TO 6:READ D2$:D2=VAL(D2$) 
586 I F ( I I - 3 ) = X 2 THEN F=D2 
587 I F X2=4 THEN F = l 
588 NEXT I I 
58 9 GOSUB 1085:RETURN 
755 REM ************************************************ 
760 REM Subr t o assess t h e t y p e o f waste e x p e c t e d 
765 REM ************************************************ 
770 FOR JJ=1 TO 2:READ D4$:PRINT JJ;":";D4$:NEXT J J 
780 PRINT" 3: Don't know/Not a p p l i c a b l e " 
790 PRINT:PRINT"ENTER (1/2/3):";:INPUT X4$:X4=VAL(X4$) 
800 I F X4$="/" THEN 520 
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810 I F X4<1 OR X4>3 THEN 790 
815 FOR JJ=3 TO 12:READ D4 $:F(JJ-2)=VAL(D4 $):NEXT J J 
816 FOR MM=1 TO 5 
817 I F X4=2 THEN F(MM)=F(MM+5) 
818 I F X4=3 THEN P(MM)=1 
819 NEXT MM 
820 GOSUB 1115:RETURN 
1085 REM ****************************************** 
1090 REM S u b r o u t i n e t o e s t a b l i s h FY + NF 
1095 REM ************************************************* 
1100 FY=F * FY: FZ =FY+NF : FY=FY/F Z : NF =NF/FZ 
1110 RETURN 
1115 REM ************************************************* 
1120 REM S u b r o u t i n e t o r e - c a l c u l a t e p r o b a b i l i t i e s 
112 5 REM ************************************************* 
1126 SU=0 
113 0 FOR KK=1 TO 5 
1140 P(KK)=P(KK)*F(KK):SU=SU+P(KK):NEXT KK 
1150 FOR KL=1 TO 5:P(KL)=P(KL)/SU:NEXT KL:RETURN 
115 5 REM ************************************************* 
1160 REM Subr t o p r i n t o u t r e s u l t s 
1165 REM ************************************************* 
1170 P1=INT(P(1)*100):P2=INT(P(2)*100):P3=INT(P(3)*100) 
1180 P4=INT(P(4)*100):P5=INT(P(5)*100) 
119 0 PRINT:PRINT"FY=";FY:PRINT 
1200 I F FY>.5 THEN 1230 
1210 I F FY<„5 THEN 1370 
1220 I F FY=„5 THEN 1400 
123 0 AJ$=" FAIRLY " 
124 0 I F FY>.6 THEN AJ$=" MODERATELY " 
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1250 I F FY> .7 THEN AJ$=" " 
1260 I F FY> .8 THEN AJ$=" HIGHLY " 
1270 I F FY> .9 THEN AJ$=" EXTREMELY " 
1280 PRINT: PRINT"POLLUTED MINEWATER IS";AJ$; 
1290 PRINT" LIKELY IN THIS CASE":PRINT 
1300 PRINT" PROBABILITIES (EXPRESSED AS %).„. n 
1310 PRINT" FREE ACID (SULPHURIC) " ;P1; '% 
1320 PRINT" ACIDIC CONTAINING FE(2+) " ;P2; '% 
1330 PRINT" ACIDIC CONTAINING FE(3+) " ;P3; '% 
1340 PRINT" NEUTRAL CONTAINING FE(2+) " ; P4 ; '% 
1350 PRINT" EXCESS FE(3+) IN SUSPENSION ";P5; "% 
1360 PRINT: GOTO 4 70 
1370 PRINT:PRINT"MINEWATER QUALITY IS UNLIKELY TO BE A POLL"; 
1380 PRINT"UTION PROBLEM GIVEN":PRINT"THESE CONDITIONS":PRINT 
1390 GOTO 470 
1400 I F P(1)>P(2) THEN PC=P(1) 
1410 I F P(1)<P(2) THEN PC=P(2) 
1420 I F PC<P(3) THEN PC=P(3) 
1430 I F PC<P(4) THEN PC=P(4) 
1440 I F PC<P(5) THEN PC=P(5) 
14 50 PRINT"POLLUTED MINE WATER IS A POSSIBILITY" 
1460 PRINT" MOST LIKELY TYPE I S . . . ." 
14 70 I F PC=P(1) THEN PRINT"FREE ACID" 
1480 I F PC=P(2) THEN PRINT"ACIDIC PLUS FE(2+)" 
1490 I F PC=P(3) THEN PRINT"ACIDIC PLUS FE(3+)" 
1500 I F PC=P(4) THEN PRINT"NEUTRAL PLUS FE(2+)" 
1510 I F PC=P(5) THEN PRINT"EXCESS FE(3+) IN SUSPENSION" 
1520 RETURN 
1525 REM ***************************************** 
153 0 REM Subr g i v i n g e x p l a n a t i o n o f program 
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1535 REM ***************************************** 
1540 PRINT 
1550 PRINT 
1560 PRINT 
1570 PRINT 
1580 PRINT 
1590 PRINT 
1600 PRINT 
1610 PRINT 
1620 PRINT 
163 0 PRINT 
164 0 PRINT 
1650 PRINT 
1660 PRINT 
1670 PRINT 
1680 PRINT 
1690 PRINT 
1700 PRINT 
1710 PRINT 
1720 PRINT 
1730 PRINT 
174 0 PRINT 
1750 PRINT 
1760 PRINT 
1770 PRINT 
1780 PRINT 
1790 PRINT 
1800 PRINT 
1810 PRINT 
1820 PRINT 
CHR$(12) 
T h i s program p r e d i c t s the l i k e l y " ; 
type of wastewater from c o a l " 
mines and t i p s based on a s e r i e " ; 
s of m u l t i p l e choice questions" 
and answers."s PRINT 
The d i f f e r e n t minewaters l i " ; 
k e l y to be encountered a r e " 
l i s t e d ( i n terms of a c i d i t y and "; 
i r o n c o n t e n t ) , i n a paper" 
presented by Glover(1976) a t a s"; 
ymposium i n Katowice on mine" 
drainage pollution,":PRINT 
The program c o n s i s t s of two"; 
s e c t i o n s : 1 1 
(1) The p r o b a b i l i t y of brea"; 
kdown of p y r i t i c m a t e r i a l g i v i n g " 
r i s e to mine drainage p o l l u t i o n "; 
problems." 
(2) The p r o b a b i l i t y of any "; 
given type of drainage, given" 
the s t a t e of the workings. "sPRINT 
A number, F, i s p r i n t e d w i t " ; 
h the f i n a l p r e d i c t i o n . I f t h i s " 
number approaches u n i t y then the"; 
p r o b a b i l i t y of p o l l u t i o n i s " 
high.";PRINT 
"TYPE RETURN TO START RUN";sINPUT Z$ 
CHR$(12)sRETURN 
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TYPICAL RUN TIME DIALOGUE ON MINES 
PROG MINE -A SYSTEM FOR DETERMINING 
THE LIKELY COMPOSITION OF WASTEWATER 
FROM MINE WORKINGS AND TIPS. 
Program by J . F . B e l l 
Do you want a b r i e f e x p l a n a t i o n o f t h e program? Y 
T h i s program p r e d i c t s t h e l i k e l y t y p e o f wastewater from c o a l 
mines and t i p s based on a s e r i e s o f m u l t i p l e c h o i c e q u e s t i o n s 
and answers. 
The d i f f e r e n t minewaters l i k e l y t o be en c o u n t e r e d a r e 
l i s t e d ( i n terms o f a c i d i t y and i r o n c o n t e n t ) , i n a paper 
p r e s e n t e d by G l o v e r ( 1 9 7 6 ) a t a symposium i n Katowice on mine 
d r a i n a g e p o l l u t i o n . 
The program c o n s i s t s o f two s e c t i o n s : 
( 1 ) The p r o b a b i l i t y o f breakdown o f p y r i t i c m a t e r i a l g i v i n g 
r i s e t o mine d r a i n a g e p o l l u t i o n problems. 
( 2 ) The p r o b a b i l i t y o f any g i v e n t y p e o f d r a i n a g e , g i v e n 
t h e s t a t e o f t h e w o r k i n g s . 
A number, F, i s p r i n t e d w i t h t h e f i n a l p r e d i c t i o n . I f t h i s 
number approaches u n i t y t h e n t h e p r o b a b i l i t y o f p o l l u t i o n i s 
h i g h . 
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GRAIN SIZE 
1 :Large b r a s s y c r y s t a l s 
2 :Small v i s i b l e c r y s t a l s 
3 : F i n e l y disseminated 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 4 
HUMIDITY 
1 :100% 
2 :Moist/unknown 
3 : Dry 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 1 
TEMPERATURE (CENTIGRADE) 
1 :Much g r e a t e r than 20 
2 :Greater than 20 
3 :Less than 20 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 2 
DEPTH OF BURIAL OF PYRITE/COVER ON PYRITE 
1 : L i t t l e / n o cover 
2 :Cover more than one metre ( c l a y ) 
3 : D e l i b e r a t e l y covered i n c l a y 
4: Don 11 know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 1 
AMOUNT OF COMPACTION OF TI P / T I P FORMATION 
1 :Loose t i p p i n g 
2 :Some compaction/grading 
3 :B.S.Compacted 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 4 
AMOUNT OF CARBONATE IN COUNTRY ROCK 
1 :Lst/Dolomite present i n excess 
2 :Lst/Dolomite absent 
3 :Some carbonate present 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 3 
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PERMEABILITY OF SOIL 
1 :Heavily f i s s u r e d / j o i n t e d 
2 :Impermeable ( c l a y covering) 
3 :Not s i g n i f i c a n t 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 1 
CONCENTRATION OF OXYGEN PRESENT 
1 : F u l l y a e r a t e d 
2 : P a r t i a l l y a e r a t e d 
3 :Anaerobic 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):? 1 
BACTERIAL ACTIVITY 
1 :Obviously present 
2 : P o s s i b l y present 
3 :Absent 
4: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3/4):'? 2 
SOURCE OF POLLUTION 
1 :Mainly s p o i l heaps 
2 :Mainly mines 
3: Don't know/Not a p p l i c a b l e 
ENTER (1 / 2 / 3 ) : ? 2 
DEPTH OF MINE WORKINGS 
1 .-Shallow <100m 
2 :Deep >1000m 
3: Don't know/Not a p p l i c a b l e 
ENTER ( 1 / 2 / 3 ) : ? 1 
VENTILATION OF MINES OR SPOIL 
1 :Good 
2 :Bad 
3: Don't know/Not a p p l i c a b l e 
ENTER (1 / 2 / 3 ) : ? 1 
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SULPHUR CONTENT OF ORE/COAL 
1 :More than 3% 
2 :Less than 3% 
3: Don't know/Not a p p l i c a b l e 
ENTER (1/ 2 / 3 ) : ? 3 
pH OF GROUNDWATER 
1 :Less than 3.5 
2 :Greater than 3.5 
3: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3):? 3 
CLAY/CARBONATE OBVIOUSLY PRESENT IN MINED ROCK 
1 : Yes 
2 :NO 
3: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3):? 2 
STATE OF MINING' 
1 :Active 
2 sCeased 
3: Don't know/Not a p p l i c a b l e 
ENTER (1/2/3):? 2 
SITE OF MINING 
1 :USA 
2 :UK 
3: Don't know/Not a p p l i c a b l e 
ENTER (1/ 2 / 3 ) : ? 2 
FY= .990826 
POLLUTED MINEWATER I S EXTREMELY LIKELY IN THIS CASE 
PROBABILITIES (EXPRESSED AS % ) . . . . . . . 
FREE ACID (SULPHURIC) 0 % 
ACIDIC CONTAINING FE(2+) 34 % 
ACIDIC CONTAINING FE(3+) 25 % 
NEUTRAL CONTAINING FE(2+) 12 % 
EXCESS FE(3+) IN SUSPENSION 25 % 
Do you wish to begin again? N 
RUN COMPLETE 
READY 
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APPENDIX FOUR 
LISTING OF PROGRAM DIFAN, PLUS Z80 ASSEMBLER ROUTINES 
211 
PROGRAM DIFAN 
100 REM Main program DIFAN (C) M.J.Reeves/J.F.Bell 1981 
110 REM 
120 REM GOSUB 1630:END 
130 RESTORE 1070:GOSUB 1070 
140 GOSUB 310 
150 PRINT "The f o l l o w i n g s i m u l a t i o n s are a v a i l a b l e :":PRINT 
160 PRINT TAB(5);"1. L a n d f i l l s i t e w i t h r e g i o n a l g r a d i e n t " 
170 PRINT TAB(5),-"2. I n j e c t i o n w e l l s e c t i o n " 
180 PRINT TAB(5)?"3. Contaminated w e l l s p l a n " 
190 PRINT TAB(5);"4. S a l i n e wedge" 
200 PRINT TAB(5);"5. T e r m i n a t e program" 
210 PRINT:PRINT "Enter c h o i c e (1-5)";:INPUT A$:A=VAL(A$) 
220 I F A>5 OR A<1 THEN 210 
230 ON A GOTO 24 0,250,260,270,280 
240 GOSUB 350:GOSUB 310:GOSUB 610:GOSUB 440:GOSUB 490:GOTO 140 
250 GOSUB 350:GOSUB 310:GOSUB 700:GOSUB 440:GOSUB 490:GOTO 140 
260 GOSUB 350:GOSUB 310:GOSUB 780:GOSUB 440:GOSUB 490:GOTO 140 
270 GOSUB 350:GOSUB 310:GOSUB 840:GOSUB 440:GOSUB 490:GOTO 140 
2 80 PRINT:END 
2 90 REM Header r o u t i n e 
3 00 REM 
310 PRINT CHR$(12) 
320 PRINT "DIFAN - d i f f u s i o n / d i s p e r s i o n a n i m a t i o n program" 
330 PRINT "(C) M.J.Reeves/J.F.Bell 1981":PRINT 
34 0 RETURN 
3 50 REM Set l i m i t s r o u t i n e 
3 60 REM 
370 POKE 8192,0:POKE 8193,242 :REM P a r t screen F200H 
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380 POKE 8194,128:POKE 8195,247 :REM End o f v i d e o F780H 
390 POKE 8196,64:POKE 8197,0 :REM V i d e o row l e n g t h 40H 
400 POKE 8198,7 :REM Number p l o t c h a r s 
410 AD=8199:RETURN 
420 REM Read r o u t i n e 
43 0 REM 
44 0 FOR 1=0 TO 3:READ DB:POKE AD+I,DB:NEXT I:READ N:POKE AD+4,N 
450 FOR 1=1 TO 2*N:READ A:POKE AD+4+1,A:NEXT I 
4 60 RETURN 
4 70 REM S i m u l a t i o n r o u t i n e 
4 80 REM • 
4 90 FOR 1=1 TO 1:PRINT:NEXT I 
500 ST=0:POKE 260,0:POKE 261,33:U=USR(0) 
510 ST=ST+1:PRINT C H R $ ( 2 3 ) ; T $ ; T A B ( 4 5 ) ; " S t e p " ; S T ; " " 
520 POKE 260,232:POKE 261 , 233:U=USR(0) 
53 0 POKE 260, 67 .-POKE 261,33 
54 0 FOR 1=1 TO 15:U=USR(0):NEXT I 
550 REM POKE 260,0:POKE 261,128:U=USR(0) 
560 PRINT CHR$(23);T$;TAB(45);"Continue";:INPUT A$ 
570 A $ = L E F T $ ( A $ , 1 ) : I F A$="y" OR A$="Y" THEN 510 
580 RETURN 
590 REM L a n d f i l l s i t e d a t a 
600 REM 
610 T $ = " L a n d f i l l s i t e s i m u l a t i o n " 
620 DATA 1,255,170,170,14 
630 DATA 92,242,93,242,94,242,95,242 
640 DATA 96,242,97,242,98,242,99,242 
650 DATA 157,242,158,242,159,242,160,242 
660 DATA 161,242,162,242 
670 RESTORE 620:RETURN 
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680 REM B o r e h o l e s e c t i o n d a t a 
690 REM 
700 T$="Contaminated w e l l s e c t i o n s i m u l a t i o n " 
710 DATA 255,255,255,255,12 
720 DATA 96,242,160,242,224,242,32,243 
730 DATA 96,243,160,243,224,243,32,244 
740 DATA 96,244,160,244,224,244,32,245 
750 RESTORE 710:RETURN 
760 REM B o r e h o l e p l a n d a t a 
770 REM 
780 T$="Contaminated w e l l s p l a n s i m u l a t i o n " 
790 DATA 255,1,68,68,1 
800 DATA 136,244 
810 RESTORE 790:RETURN 
820 REM S a l i n e wedge d a t a 
83 0 REM • 
84 0 T $ = " S a l i n e i n t r u s i o n s i m u l a t i o n " 
850 DATA 170,255,255,255,81 
860 DATA 64,242,128,242,192,242,0,243 
870 DATA 1,243,64,243,65,243,128,243 
880 DATA 129,243,192,243,193,243,194,243 
890 DATA 0,244,1,244,2,244,64,244 
900 DATA 65,244,66,244,67,244,128,244 
910 DATA 129,244,130,244,131,244,192,244 
920 DATA 193,244,194,244,195,244,0,245 
93 0 DATA 1,24 5,2,24 5,3,24 5,4,24 5 
940 DATA 64,245,65,245,66,245,67,245 
950 DATA 68,245,128,245,129,245,130,245 
960 DATA 131,245,132,245,192,245,193,245 
970 DATA 194,245,195,245,196,245,197,245 
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980 DATA 0,246,1,246,2,246,3,246 
990 DATA 4,246,5,246,64,246,65,246 
1000 DATA 66,246,67,246,68,246,69,246 
1010 DATA 128,246,129,246,130,246,131,246 
1020 DATA 132,246,133,246,134,246,192,246 
1030 DATA 193,246,194,246,195,246,196,246 
1032 DATA 197,246,198,246,0,247,1,247 
1034 DATA 2,247,3,247,4,247,5,247 
103 6 DATA 6,24 7 
104 0 RESTORE 850:RETURN 
1050 REM Machine code a n i m a t i o n r o u t i n e i n DATA 
1060 REM 
1070 DATA 0,0,0,0,0,0,0,0 
1080 DATA 0,0,0,1,0,0,0,0 
1090 DATA 0,2,0,0,0,0,64,0 
1100 DATA 0,32,2,0,0,32,2,0 
1110 DATA 34,0,68,0,34,0,68,0 
1120 DATA 17,68,17,68,17,68,17,68 
113 0 DATA 85,170,85,170,85,170,85,170 
1140 DATA 255,255,255,255,255,255,255,255 
1150 DATA 0,0,0,0,0,0,0,255 
1160 DATA 255,0,0,0,0,0,0,0 
1170 DATA 33,176,32,17,0,252,1,80 
1180 DATA 0,237,176,42,0,32,237,91 
1190 DATA 2,32,237,75,4,32,229,54 
1200 DATA 128,35,124,186,32,249,125,187 
1210 DATA 32,24 5,23 5,23 7,66,17,2,32 
1220 DATA 235,115,35,114,225,65,58,6 
1230 DATA 32,198,129,119,60,18,61,35 
1240 DATA 19,16,248,17,0,32,235,115 
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1250 DATA 35,114,201,237,95,50/60,1 
1260 DATA 42,4,32,229,42,0,32,229 
1270 DATA 229,205,126,33,225,126,254,128 
1280 DATA 40,7,229,205,148,33,205,232 
1290 DATA 33,209,193,35,235,9,237,82 
1300 DATA 40,9,25,237,66,235,197,213 
1310 DATA 229,24,222,42,2,32,237,82 
1320 DATA 200,197,213,213,24,211,58,6 
1330 DATA 32,198,128,79,58,11,32,71 
1340 DATA 121,33,12,32,94,35,86,35 
1350 DATA 18,16,249,201,205,153,217,241 
1360 DATA 225,209,193,197,213,229,245,58 
1370 DATA 60,1,203,71,40,15,58,7 
1380 DATA 32,7,50,7,32,48,19,35 
1390 DATA 205,34,34,24,13,58,8,32 
1400 DATA 7,50,8,32,48,4,43,205 
1410 DATA 22,34,58,60,1,203,79,65 
1420 DATA 40,15,58,9,32,7,50,9 
1430 DATA 32,208,35,16,253,205,61,34 
1440 DATA 201,58,10,32,7,50,10,32 
1450 DATA 208,43,16,253,205,47,34,201 
1460 DATA 126,71,241,209,245,26,184,40 
1470 DATA 33,56,9,61,4,184,40,26 
1480 DATA 56,2,24,247,60,5,184,40 
14 90 DATA 17,56,24 9,0,0,0,0,0 
1500 DATA 0,0,0,0,0,254,135,32 
1510 DATA 1,61,119,18,235,201,229,213 
1520 DATA 55,63,237,82,209,225,208,35 
1530 DATA 35,201,229,213,235,9,43,237 
1540 DATA 82,209,225,208,43,43,201,229 
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1550 DATA 237,91,0,32,55,63,237,82 
1560 DATA 225,208,9,9,201,229,237,91 
1570 DATA 2,32,27,235,55,63,237,82 
1580 DATA 225,208,63,237,66,237,66,201 
1590 AD=8368:FOR 1=0 TO 415:READ A:POKE AD+1,A:NEXT I 
16 00 RETURN 
1610 REM Temporary machine code s t o r e r o u t i n e 
1620 REM 
1630 LS=8448:LN=25 
164 0 FOR 1=12 TO 20:PRINT LN;" DATA ";:LN=LN+1 
1650 FOR J=0 TO 7:A$=STR$(PEEK(LS+16*I+J)):N=LEN(A$) 
1660 A$=RIGHT$(A$,N-1):IF J<>7 THEN A$=A$+"," 
1670 PRINT A$;:NEXT J:PRINT:PRINT LN;" DATA ";:LN=LN+1 
1680 FOR J=8 TO 15:A$=STR$(PEEK(LS+16*I+J)):N=LEN(A$) 
1690 A$=RIGHT$(A$,N-l):IF J<>15 THEN A$=A$+"," 
1700 PRINT A$;:NEXT J:PRINT:NEXT I 
1710 RETURN 
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DIFAN Z80 ASSEMBLER ROUTINES 
GLOBAL RAND ;BASIC r a n d no s t o r e addr 
RAND EQU 013CH 
GLOBAL RANDOM ;BASIC r a n d no g e n e r a t o r 
RANDOM EQU 0D999H 
ORG 02000H ; S e t o r i g i n 
LIMS DEFW 0F080H,0F780H,0004 OH 
PKEY DEFB 007H 
RIGHT DEFB OFFH 
LEFT DEFB OFFH 
DOWN DEFB OFFH 
UP DEFB OFFH 
POLS DEFS 000A5H 
CHARS DEFB <8,000H,> 
DEFB <3,000H,>,001H,<4,000H,> 
DEFB O0OH,002H,<4,000H,>,040H,000H 
DEFB <2,000H,020H,002H,000H,> 
DEFB <2,022H,000H,04 4H,000H,> 
DEFB <4,011H,044H,> 
DEFB <4,055H,0AAH,> 
DEFB <8,0FFH,> 
DEFB < 7,000H,>,OFFH 
DEFB OFFH,< 7,000H,> 
; SETUP - c l e a r s c r e e n and s e t up g r a p h i c s 
;ETUP LD HL,CHARS ;Get s t o r a g e addr 
LD DE,0FC00H ;Get u s e r g r a p h i c s addr 
LD BC,00050H ;Get s i z e o f s t o r a g e a r e a 
LDIR ;Copy s t o r a g e t o g r a p h i c s 
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JO 
J l 
J2 
J3 
LD HL,(LIMS) ;Get v i d e o top addr 
LD DE,(LIMS+02H);Get v i d e o base addr 
LD BC,(LIMS+04H);Get v i d e o row l e n 
J4 
PUSH HL 
LD (HL),080H 
INC HL 
LD A,H 
CP D 
JR NZ,J0-J1 
LD A,L 
CP E 
JR NZ,J0-J2 
EX DE,HL 
SBC HL,BC 
LD DE,LIMS+02H 
EX DE,HL 
LD ( H L ) , E 
INC HL 
LD (HL),D 
POP HL 
LD B,C 
LD A,(PKEY) 
ADD A,081H 
LD (HL),A 
INC A 
LD (DE),A 
DEC A 
INC HL 
INC DE 
DJNZ J 3 - J 4 
;Save v i d e o top addr 
; I n s e r t b l a n k c h a r 
;Update v i d e o addr 
; T e s t h i g h b y t e 
; T e s t low b y t e 
Save v i d e o b a s e addr 
Reduce by one row 
Get v i d e o b a s e l i m i t addr 
Save new v i d e o b a s e addr 
Save low b y t e 
Next b y t e 
Save h i g h b y t e 
Get v i d e o top addr 
S e t up c o l c o u n t e r 
Get no s c a l e p i x s 
S e t A S C I I c h a r 
Draw upper bdry 
Next A S C I I c h a r 
Draw l o w e r bdry 
R e s e t A S C I I c h a r 
Next upper c o l 
Next l o w e r c o l 
Next c o l 
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LD DE,LIMS 
EX DE,HL ;Save new v i d e o top addr 
LD ( H L ) , E ;Save low b y t e 
INC HL ;Next b y t e 
LD (HL) , D ;Save h i g h b y t e 
RET 
;DIFUSE - animated v i d e o s i m u l a t i o n o f d i f f u s i o n 
DIFUSE LD A,R ;Get r e f r e s h r e g 
LD (RAND),A ;Seed r a n d no g e n e r a t o r 
LD HL,(LIMS+04H) ;Get v i d e o row l e n 
PUSH HL ;Save i t 
LD HL,(LIMS) ;Get i n i t row s t a r t addr 
PUSH HL ;Save i t 
PUSH HL ; l n i t c u r r e n t p i x addr 
KO CALL PIXREF / R e f r e s h s o u r c e 
POP HL ;Get c u r r e n t p i x addr 
LD A,(HL) ; F i n d c u r r p i x A S C I I c h a r 
CP 080H ; T e s t f o r b l a n k 
KJ JR Z,KS-KJ ; S k i p 
PUSH HL ;Save c u r r p i x addr 
CALL P I X D I S ; D i s p l a c e c u r r e n t p i x 
CALL PIXALT /Update c u r r and d i s p p i x 
KS POP DE ;Get c u r r row s t a r t addr 
POP BC ;Get v i d e o row l e n 
INC HL ;Update c u r r e n t p i x addr 
EX DE,HL 
ADD HL,BC ; F i n d n e x t row s t a r t addr 
SBC HL,DE ; T e s t f o r new row 
K l JR Z,K3-K1 
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ADD HL,DE / R e s t o r e o l d row addr 
SBC HL,BC 
EX DE,HL 
PUSH BC /Save v i d e o row l e n 
PUSH DE ;Save c u r r row s t a r t addr 
PUSH HL ;Save c u r r e n t p i x addr 
K2 JR K0-K2 /Next p i x 
K3 LD HL,(LIMS+02H );Get v i d e o base addr 
SBC HL,DE ; T e s t f o r compl e t e p a s s 
RET Z ; END 
PUSH BC /Save v i d e o row l e n 
PUSH DE ;Save c u r r row s t a r t addr 
PUSH DE ;Save c u r r e n t p i x addr 
K4 JR KO-K4 /Next row 
/PIXREF - a r o u t i n e t o r e f r e s h p o l l u t i o n s o u r c e 
PIXREF LD A,(PKEY) /Get no s c a l e p i x 
ADD A,080H / F i n d h i g h p i x A S C I I c h a r 
LD C,A /Save i t 
LD A,(POLS) /Get no s o u r c e p i x 
LD B , A /Save i t 
LD A,C /Get h i g h s c a l e p i x 
LD HL,POLS+01H /Get s o u r c e addr l o c a t i o n 
NO LD E , ( H L ) /Get low addr b y t e 
INC HL /Next b y t e 
LD D,(HL) /Get h i g h addr b y t e 
INC HL /Next b y t e 
LD (DE),A / R e f r e s h s o u r c e 
N l DJNZ N0-N1 
RET 
/Next s o u r c e addr 
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;PIXDIS - a r o u t i n e t o d i s p l a c e v i d e o p i x e l s 
P I X D IS CALL RANDOM ; C a l l random d i s p r o u t i n e 
POP AF ;Get sub r e t addr 
POP HL ;Get c u r r e n t p i x addr 
POP DE ;Get c u r r row s t a r t addr 
POP BC ;Get v i d e o row l e n 
PUSH BC ;Save v i d e o row l e n 
PUSH DE ;Save c u r r row s t a r t addr 
PUSH HL /Save c u r r e n t p i x addr 
PUSH AF ;Save sub r e t addr 
LD A,(RAND) 7Get random number 
BIT 0,A ; T e s t b i t 0 
LO JR Z,L2-L0 ; L e f t or r i g h t ? 
LD A,(RIGHT) ;Get r i g h t d a t a b y t e 
RLCA / R o t a t e d a t a l e f t 
LD (RIGHT),A ;Save new d a t a b y t e 
LR JR NC,L3-LR ; D i s p l a c e ? 
INC HL ; R i g h t 
CALL BDRYR ;Apply bdry cond 
L I JR L3-L1 ;Now check row 
L2 LD A , ( L E F T ) ;Get l e f t d a t a b y t e 
RLCA ; R o t a t e d a t a l e f t 
LD ( L E F T ) , A /Save new d a t a b y t e 
L L JR NC,L3-LL 7 D i s p l a c e ? 
DEC HL / L e f t 
CALL BDRYL /Apply bdry cond 
L3 LD A,(RAND) /Get random number 
BIT 1,A / T e s t b i t 1 
LD B,C ; I n i t row count 
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L4 JR Z,L7-L4 ;Up o r down? 
LD A,(DOWN) ;Get down d a t a b y t e 
RLCA ; R o t a t e d a t a l e f t 
LD (DOWN),A ;Save new d a t a b y t e 
RET NC ; D i s p l a c e ? 
L5 INC HL ; Down 
L6 DJNZ L5-L6 ;Row co u n t c o m p l e t e ? 
CALL BDRYD ;Apply bdry cond 
RET 
L7 LD A,(UP) ;Get up d a t a b y t e 
RLCA r R o t a t e d a t a l e f t 
LD (UP),A ;Save new d a t a b y t e 
RET NC ; D i s p l a c e ? 
L8 DEC HL ;Up 
L9 DJNZ L8 - L 9 ;Row count c o m p l e t e ? 
CALL BDRYU ;Apply bdry cond 
RET 
;PIXALT - a r o u t i n e t o update v i d e o p i x e l s 
PIXALT LD A,(HL) ;Get d i s p p i x A S C I I c h a r 
LD B,A ;Save i t 
POP AF ;Get sub r e t addr 
POP DE ?Get c u r r e n t p i x addr 
PUSH AF ;Save sub r e t addr 
LD A,(DE) ;Get c u r r p i x A S C I I c h a r 
CP B ;Compare c u r r & d i s p c h a r s 
MO JR Z,MB-M0 ; c u r r e n t = d i s p 
Ml JR CM6-M1 ; c u r r e n t < d i s p 
M2 DEC A / c u r r e n t > d i s p 
INC B 
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CP B ; T e s t f o r e q u a l i s a t i o n 
M3 JR Z,MB-M3 / c u r r e n t = d i s p 
M4 JR CM6-M4 / c u r r e n t < d i s p 
M5 JR M2-M5 / c u r r e n t > d i s p 
M6 INC A / c u r r e n t < d i s p 
DEC B 
CP B / T e s t f o r e q u a l i s a t i o n 
M7 JR Z,MB-M7 / c u r r e n t = d i s p 
M8 JR C,M6-M8 / c u r r e n t < d i s p 
LD C,A / c u r r e n t > d i s p 
LD A , ( RAND ) /Get random number 
BIT 2,A / T e s t b i t 2 
LD A,C /Get c u r r e n t c h a r back 
M9 JR Z,MA-M9 
DEC A /Degrade A S C I I c h a r 
MA CP 087H /Check f o r s o u r c e c h a r 
MC JR NZ,MB-MC /No 
DEC A /Yes 
MB LD (HL),A / D i s p l a y m o d i f i e d d i s p 
LD (DE ) , A / D i s p l a y m o d i f i e d c u r r 
EX DE,HL /Save c u r r e n t p i x addr 
RET 
;BDRYL - a r o u t i n e f o r LHS boundary c o n d i t i o n 
BDRYL PUSH HL /Save c u r r e n t d i s p add 
PUSH DE /Save c u r r row s t a r t a 
SCF /Ensure c a r r y o f f 
CCF 
SBC HL,DE / T e s t 
POP DE /Get them back 
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POP HL 
RET NC ; I n 
INC HL ;Out 
INC HL 
RET 
BDRYR - a r o u t i n e f o r RHS boundary c o n d i t i o n 
BDRYR PUSH HL ;Save c u r r e n t d i s p addr 
PUSH DE /Save c u r r row s t a r t addr 
EX DE , HL 
ADD HL,BC 
DEC HL 
SBC HL,DE 
POP DE 
POP HL 
RET NC 7 I n 
DEC HL ?Out 
DEC HL 
RET 
BDRYU - a r o u t i n e f o r upper boundary c o n d i t i o n 
/ F i n d c u r r e n t row end addr 
7 T e s t 
/Get them back 
BDRYU PUSH HL /Save c u r r e n t d i s p 
LD DE , (LIMS) /Get up bdry addr 
SCF / E n s u r e c a r r y o f f 
CCF 
SBC HL,DE / T e s t 
POP HL /Get i t back 
RET NC / I n 
ADD HL,BC /Out 
ADD HL/BC 
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RET 
BDRYD - a r o u t i n e f o r lower boundary c o n d i t i o n 
BDRYD PUSH HL /Save c u r r e n t d i s p addr 
LD DE,(LIMS+02H);Get down bdry addr 
DEC DE ; T e s t 
EX DE , HL 
SCF / E n s u r e c a r r y o f f 
CCF 
SBC HL,DE 
POP HL ;Get i t back 
RET NC ; I n 
CCF / E n s u r e c a r r y o f f 
SBC HL,BC ;Out 
SBC HL,BC 
RET 
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